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SUMMARY 

The open recuperated and bottomed gas turbine cycles includes 
both simple and recuperated gas turbine systems frith and without inter- 
cooling and gas turbine topping-organic vapor Rankine bottoming cycles. 

The parametric investigation covers gas turbine inlet temperatures of 
1255 to 1644®K (1800 to 2500'’?) with a base case value of 1478®K (2200°F), 
a modest extension of present day state of the art. Pressure ratios 
ranging from 6 to 24 to 1 are investigated. These gas turbines have air 
cooled vanes and blades, bum clean fuels from coal and are fully . 
assembled-rail shlppable modules having power outputs of approximately 
100 MW. 

The generator is driven from the cold end, thereby allowing a 
minimum pressure loss axial arrangement of an exhaust duct, recuperator 
or waste heat boilers. 

Tension braze recuperators td.th effectiveness values of 0, the 
unrecuperated case, 70, 80 and 90% are considered. A total pressure drop 
ratio of 3% is used. The cycle efficiency increases with turbine inlet 
temperature in all cases. An optimum pressure ratio of about 10 to 1 Is 
found for recuperated cycles with higiisr pressure ratios resulting in 
Improved efficiency for the simple cycles. Efficiencies of 33.5 and 
37.6% are found for the simple and recuperated systems with a 1644°K 
(2500°F) turbine inlet temperature. The use of ceramic blades and vanes 
would reduce the needed cooling air and improve the cycle efficiency 
3.5 to 5 points. 

The sulfur dioxide bottoming cycle with a 1644“K (2500°F) air 
cooled gas turbine would have an efficiency of 47.6%. The highly super- 
critical sulfur dioxide fluid with turbine inlet conditions of 17.236 MFa 
(2500 psi)/811°K (1000“F) has a nearly straight heating line which 
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results in an excellent fit with the gas turbine exhaust gas cooling 
curve giving a cycle with relatively high availability. The sulfur 
dioxide superheats on expansion so no turbine moisture problems occur and 
a desuperheating feed heater is required. 

The resultant sulfur dioxide turbine is much smaller than the 
equivalent steam turbine for the same duty. 

The cost of electricity (COE) for the recuperated cycles is 
8.19 mills/MJ (29.5 mills/kWh) and 8.75 mills /MJ (31.5 mills /kWh) for the 
simple cycle at a 65% capacity factor. The more capital intensive SO^ 
bottoming cycle has a COE of 9.14 mills/MJ (32.9 mills /klfli). The simple 
and recuperated cycles have the lowest COE of any plants at capacity 
factors less than 40% due to their lower capital cost of 170 to 200 $/kW, 
respectivel;> , and are, therefore, recommended for peaking and intermediate 
load duty. 
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5. OPEN RECUPERATED AND BOTTOMED GAS TURBINE CYCLES 

5,1 State of the Art 

5.1.1 Open-Cycle Gas Turbine Engines 

The last two decades have seen a remarkable growth in the ap- 
plication of the industrial gas turbine. During that period, the speci- 
fic output of the engines has doubled from about 150 to 300 kW/(kg/s 
airflow) [70 to 140 kW/(lb/s airflow)], and the thermal efficiency has in- 
creased from about 20 to 33%. Today, coi.ibined gas turbine and steam tur- 
bine power plants are commercially available with thermal efficiencies of 
about 43%. Current gas turbine engine unit sizes of up to approximately 
100 MW are available as prepackaged, fully assembled, and rail-shlppable 
power plants. The relatively low investment cost connected with instal- 
lation of these units has made the open-cycle gas turbine the economic 
choice of the electric utilities for meeting their peak-load require- 
ments. 

The evolution of the industrial gas turbine to the current 

4 

State of the art has resulted from comblnihg the well-established long- 
life design features of steam turbines with the advanced technology of 
aircraft jet engines. The latter has contributed advances in such areas 
as the axial flow compressor, combustion system, and high-temperature 
metallurgy. Over the years, the use of gas turbines has covered a diver- 
sity of industrial applications including; electric power generation, 
natural gas transmission, compressor drives,, oil-field repressurization, 
marine propulsion, petrochemical auxiliary power generation, steel mill 
blast furnace blowing, mobile power generation, mobile process air plant 
drives, and locomotive power plar'ts. These applications have involved 
the use of a wide variety of fuels, environments, control systems, and 
installation arrangements and system configurations. This variation of 
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possible configurations has been attained through units installed with 
either one or two shafts, recuperators, evaporative coolers, supercharg- 
ers, steam helpers, or as part of a combined cycle or waste heat recovery 
arrangement. 

5. 1.1.1 Turbine Inlet Temperature Considerations 

The advancement and growth of the industrial gas turbine is prl 
marily the direct result of increased turbine inlet temperature capabi- 
lity. Figure 5.1 illustrates the temperature growth history for 
industrial gas turbines over the past ten years. The model W-SOl engine 
pictured in Figure 5.2 generally follows this trend. This advance in the 
state of the art has been made possible by two major technical efforts 
which resulted in materials with improved temperature capability and the 
cooling of hot parts with air. 

For long-life duty, uncooled turbines using state-of-the-art 
Buperalloy blade and vane materials are limited by oxidation and corro- 
sion to a turbine inlet temperature of about 1172°K (16S0®F). Internal 
cooling of turbine vanes and blades with air has allowed inlet tempera^* 
tures to advance while maximum metal temperatures are maintained within 
allowable limits. Current Industrial designs, employing combined 
impingement/convBction/filra-cbollng techniques, are capable of operation 
at about 1478®K (2200“F) in peaking service. 

Although performance continues to improve with Increased tur- 
bine inlet temperatures in the oonvectlpn/impingement/fllm air-cooled 
simple cycle arrangement, studies have indicated that the major benefits 
from higher inlet temperature air-cooled gas turbines accrue to the 
combined-cycle systems. Potential improvements for all types cf cycle 
arrangements would be greatly enhanced if more efficient cooling concepts 
could be developed. 

There are several approaches to gas turbine design using im- 
proved cooling systems;. Five such approaches are: high-temperature ma- 
terials, transpiration cooling, advanced convection/ impingement/ film 
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air-cooling, steam cooling, and water cooling. These are discussed 
briefly below. 

Uncooled Turbine Components - High Temperature Materials . Any 
reduction in the cooling air required would improve the cycle efficiency. 
Thus, if everything else remains the same, an uncooled turbine has the 
highest potential cycle efficiency. However, the oxidizing and some- 
times highly corrosive atmospheres seen by the turbine element, as well 
as creep consideration, limits the temperatures of the uncooled turbine 
to about 1170“K (1650 °F) using current materials. To advance this limit, 
development programs are under way for ceramic and composite blade and 
vane materials aimed at significant improvements in uncooled turbine tem- 
perature capability. A significant cycle efficiency improvement over the 
present state of the art would result as uncooled ceramics elements re- 
place air-cooled metal blades and vanes. Two candidate materials, high- 
density silicon nitride and silicon carbide ceramics, have superior 
strength at high temperatures, as shown by Figure 5.3. Laboratory sta- 
tionary rig tests have been successfully run on full-size vanes at gas 
temperatures in excess of 1500“K (2250°F), and design and test work is 
continuing on designs suitable for temperatures of approximately 1644°K 
(2500°F). Composite materials also have great potential for extending 
the limitation of turbine temperatures. Their superior strength will be 
useful for last-stage turbine blade applications where extremely high 
stresses occur, and the required airfoil shape make this blade difficult 
to cool. The added strength of composite materials permit higher last- 
row blade temperatures and enable the designer to maintain an efficient 
blade design. 

Transpiration Cooling . The heat transfer coefficients on the 
flow surfaces of transpiration cooled turbine blades and vanes are very 
high. Ideal transpiration cooling is characterized by the coolant trans- 
piring through the blade surfaces. Issuing from that surface at close to 
the blade surface temperature, and thus requiring the minimum amount of 
coolant flow. Transpiration cooling, therefore, has the minimum cooling 
loss penalty on cycle efficiency. (These losses are due to the mixing of 
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the coolant with the main flow path fluid which results in a mixing pres- 
sure loss and a decrease in mixed-out main path fluid temperature.) 

Advanced Convection/Impingement/Film Cooling . Advances in tur- 
bine inlet temperature to as high as 1589 to 1644°K (2400 to 2500 F) for 
industrial engines is considered possible by means of utilizing advanced 
cooling system designs based on combined convection/impingement/film 
techniques. Although this approach does not have the same growth poten- 
tial as transpiration cooling, it is considered to be an important step 
in the progression of the state of the art. 

S team Cooling . Steam cooling offers advantages over air cool- 
ing because of the possibility of elevated coolant pressure, a clean 
inert coolant, superior heat transfer characteristics, and reduced pres- 
sure mixing losses since less fluid is required. The superior heat trans- 
fer characteristics provide means of absorbing more heat and permit high 
gas temperatures with fixed outside metal surface temper.'^tures . Thus, 
steam cooling may increase permissible gas temperatures by as much as 
222“K (400°F) above those arising from air cooling without changing cool- 
ant channel geometry. 

Water Cooling . The use of water as a gas turbine blade and 
vane coolant has been and is currently the subject of considerable tech- 
nology development. Water has excellent cooling characteristics, and as 
such it has cooling potential with gas-path temperatures well into the 
1644 to 1922“K (2500 to 3000°F) range. 

5. 1*1. 2 Gombustion Considerations' 

In contrast to the advances in gas turbine, engine size and per- 
formance, the state of the art of gas turbine combustion systems has not 
experienced a significant comparable change. The basic design technology 
employed today is not very different than that used 20 years ago. With 
the environmental difficulties already seen with increasing turbine 
firing temperature, however, a fundamental change in the way fuels are 
burned in gas turbines will be required. This is illustrated in 
Figure 5.4, which shows the effect of turbine inlet temperature on HO^ 
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emission levels with current dry combustion systems and with water injec- 
tion. Superposed on this is the proposed EPA NO^ rule for utility gas 
turbines burning liquid fuels. Clearly, present dry combustors will not 
be satisfactory— and the NO problem grows rapidly worse as higher tern- 
peratures are achieved. Water injection is expedient to meet the current 
situation but has its own environmental drawbacks and is of limited ef- 
fectiveness in controlling NO^ when the fuel has a relatively high nitro- 
gen content, as do liquid fuels derived from coal, and with coal gases 
containing ammonia. For the long range, several advanced combustor 
design approaches will have to be developed to suit the turbine tempera- 
tures and fuels of the future. Concepts considered to hold the greatest 
promise include: , • 

• Staged combustion 

» Fuel/air premixing 

• Catalytic combustion. ' 

The advanced state-of-the-art gas turbines will include an ad- 
vanced combustor concept in order to achieve high performance goals in an 
environmentally acceptable manner.* 

5.1.2 Gas Turbine Recuperators 

There are several approaches to gas turbine recuperator design, 
ranging from automotive moving-surface rotating regenerators to land- 
based gas turbine fixed-surface recuperators. Consideration here is 
limited to the latter, Tk^o types of fixed-surface recuperator have found 
application in power generation gas turbine systems: plate-fin recupera- 

tors and shell-and-tube recuperators. 

As shown in Figure 5,5, the plate-fin recuperator utilizes a 
basic counterflow arrangement to transfer heat from exhaust gases to com- 
pressor discharge air. The sectional view at the bottom left side of the 
figure shows the conventional design approach commonly referred to as the 
strong'-back design. Extended surface is utilized on the gas side only, 

* Conventional combustor costing has been used for this study. 
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and multiple layers of the air- and gas-side combinations are sandwiched 
together in compression by rigid strong-back end pieces. 

The section at the bottom right of the figure Illustrates an 
alternative plate-fin design approach known as the tension-braze recu- 
perator. The principal difference betoeen this and the strong-back ap- 
proach is that extended surface is utilized on both air and gti sides. 
This has resulted in a lighter and more compact design. The distin- 
guishing characteristic leading to the name tension braze is that instead 
of resisting the pressure loading bemraen air and gas sides by massive 
strong-back end pieces, individual air-side channels are held together by 
high-temperature nickel alloy braze, loaded in tension between air-side 
extended surface and the adjacent channel walls. 

Figure 5.6 illustrates the alternative shell-and-tube recupera- 
tor design approach. This design is characterized by relatively massive 
size and weight and higher cost. As shown in the figure, compressor dis- 
charge air is heated as it passes downward through vertical tubes while 
combustion gases sweep the exterior tube surfaces. The multiple tubes 
are supported at their relatively cool top ends and because of thermal 
growth are left to e^and freely downward. The entire structure is sup- 
ported by the central vertical pipe which directs the cooler compressor 
discharge air to the top of the unit. 

Current design plate-fin and shell-and-tube recuperators are 
commonly constructed of relatively low-cost carbon steels. These designs 
are generally limited to turbine exhaust temperatures of about •B11°K 
(1000“F). Advanced designs assumed herein utilize higher alloy raa^-erials 
(400 series SS) • 

5.1.3 Organic Bottoming Cycles 

The electric power industry has utilized the exhaust heat of a 
gas turbine cycle to generate Srapor and to heat the feed liquid of a 
Rankine bottoming cycle in the form of the combined gas and steam cycle. 
This is covered separately in detail in Section 6. The use of working 
fluids other than steam for the bottoming cycle has been studied 
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extensively but has never been implemented in a commercial power plant 
application. In general, these studies have shown that the advantages 
associated with even the most promising and best suited fluids are not 
great enough to warrant developing the organic fluid power plant. 

The requirements of fluids that' should be considered for power 
cycle application have long been recognized because of the suitability of 
their chemical and physical properties. They are the types of fluid 
generally utilized in the refrigeration industry where water is usually 
an inappropriate working fluid. The rather mature state of the art of 
that industry suggests that the risk of developing an organic fluid cycle 
for power production may not be as great as generally considered in the 
past. The payoff will depend on achieving improvements in cycle perfor- 
mance that would result from overcoming some of the disadvantages of 
using steam. 

The relatively large specific volume of steam at the heat rejec- 
tion temperature makes it uneconomical to fully utilize lower sink tem- 
peratures even when available. 

At the high-temperature end of the gas turbine bottoming cycle, 
the boiling characteristic of the most commonly used subcritical water 
cycles requires a relatively large heat input at constant temperature. 

This represents a relatively poor thermodynamic fit for effective utili- 
zation of heat from the falling temperature heat input line of the gas 
turbine exhausts 

Although the state of the art of the organic fluid bottoming 
cycle is not -well developed, a firm analytical data base does exist. In- 
formation is available related to the fluid properties, stability, corro- 
siveness, toxicity, and general thermodynamic suitability of many 
candidate working fluids. Investigation continues into the results of 
Implementing a better therraodyn^ic fit for a gas turbine bottoming cycle 
than is currently available with water. [This subject is discussed 
further in Section 7.2 where the criteria for selecting a bottoming cycle 
working fluid are covered in some detail (References 5.!? through 5.8).] 


5.2 Description of Parametric Points to Be Investigated 

The recuperated open-cycle gas turbine cycles studied were 
classified into two general categorxes; recuperated open cycles and com- 
bined recuperated ope^n cycles with an organic fluid Rankine bottoming 
cycle. 

The parametric points covered by the study are summarized on 
Table 5.1, which, shows the range of parameters studied and the general 
grouping of parametric variation investigated. Of the 97 cases included, 

94 are simple dr recuperated gas turbine cycles. The remaining three 
cases examine combined cycles using three different working fluids: re- 

frigerant R-12; methylamine, and sulfur dioxide (SO2). All the cases in- 
vestigated are enumerated in Section 5.4 (Table 5., 2), where the study 
results are presented. 

The recuperated cycle, typical of state-of-the-art air-cooled 
gas turbine systems, was. chosen as the base case for this study. The 
performance parameters assumed for this case are: (See Section 5.3 for 

» p ‘ 

an explanation of terms and further assumptions,) 

• Turbine inlet temperature = 1478®K (^lOO^F) 

• Compressor pressure ratio , = 10 to 1 

• Recuperator effectiveness =0,80 

tt 

e ^Recuperator pressure drop (-^) = 0.030. 

» . * 

The fuel for this case is assumed to be a distillate oil derived 
from coal. The general cycle configuration represented by the base case 
and the bulk of the points calculated are shown on Figure 5.7, The major 
components contained in the system are the gas curfaine engine and recu- 
perator. As shown in Table 5.1, the parametric variation around the base 
case involved two major groupings; recuperator parameter variation and 
gas turbine engine parameter variation. First, the effect of varying the 
recuperator effectiveness was investigated. Values of 0, 0.7, 0.8, and 0.9 
were selected, and the cycle performance was calculated at a fixed turbine 
inlet temperature of 1478 °K (2200 °F) and with compressor pressure ratios 
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TABLE 5.1- RECUPERATEO OPEM CYCLE PARAMETRIC P02NTS 


l!’.;. i'. 



Turb. 

Inlet 

Temp, 

“F 

Comp. 

Press. 

Ratio 

Gas 

Turbine 
Cooling 
See Note B 

Recuperator 

Siectiveness 

Recuperator 

Pressure 

Loss, 

A P/P 

Inter- 

cooling 

: 

Reheat 
See 
Note D 

Fuel 

Bottoming 

Cycle 

Organic 

Fluid 

Organic 

Fluid 

Turbine 

Inlet 

Temp. 

°F 

Organic 
Bailer 
Pinch 
Point 
Temp. 
Diff. 
AT . “ F 

Organic 

Boiler 

Exit 

Temp. 

Diff. 

AT.-“F 

Bailer 
Gas, 
Side - 
Press. 
Drop, 
A p/p 

Base Case 

2200 

10 

1 

0.80 

0,030 

No 

No 

Disi from 
Coal 

None 

- 


- ■■ 

- 

■Recuperator 

Parameter 

Variations 


8, 10, 12 
16. 20 


0.70.0.80.0.90 












0.020,0.030 

O.Oilfl 


. 







Gas Turbine 
Parameter 

Variations 
See Note C 

1800, 2000 
2200, 2500 

8, 10,12 
16,20,24 












1800, 2000 
2200, 2500 

8,10, 12 
16,21,24 


0 

0 







■ 


2200 

2500 

8,10,12 

16.20,24 

2 

.3 












12.16,20 




Yes 






* . 








Yes 







Fuel Variation 








Hi-Btu Gas 






Bottoming 
Cycle Parameter 

VariaUons 

2000 

8 







R12 

400 

Super- 

critical 

; 100 

0.05 

2000 

8 







Melhyl- 

amine 

600 

Super- 

critical 

100 

0.05 " 

2500 

16 




0 ' 

0 




SOg 

1000 

Super- 

critical 

100 

0.05 


Notes: A. All blank spaces have some value as base case unless othenvise noted 

B. Gas turbine blade cooling configuratfons 

1. Turbine vanes and blades air cooled 
Z Turbine vanes ceramic, blades air cooled 
. 3. Turbine vanes ceramic, blades ceramic 

C. For 1800“F turbine inlet temperature compressor pressure ratiOYtill be varied as follows 6,8,10, 12, 16 instead of the values slwvn in Hie table 

D. The reheat case was omitted from the study in agreement with NASA 
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open-cycle gas turbine system 
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Fig. 5. 8 “-Schematic diagram of intercooled 
recuperated open-cycle gas turbine system 
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8, 10, 12, 16, and 20. Effectiveness values of 0.80 to 0.82 are common 
in current commercial practice. Variation of recuperator pressure drop 
was also examined. With effectiveness set at 0.8 and at 1477“K (2200°F) 
turbine inlet temperature, the recuperator pressure drop ratio, AP/E, was 
assigned values of 0.02, 0.03, and 0.04. The compressor pressure ratio 
wa's varied from 8 to 20 for this group of parametric points in the same 
.step as d,uring the effectiveness investigation. 

The gas turbine engine parametric study involved investigation 
of system performance and cost over a range of turbine inlet temperatures 
from 1255 to 1644*K (1800 to 2500°F) and compressor pressure ratios from 
6 to 24* For the air-cooled cases, both recuperated and nonrecuperated 
cycles were include^d,. The latter is the so-called simple cycle and para- 
metrically represents the case of recuperator effectiveness and pressure 
drop set to zero. Also, Incluaed in the higher temperature recuperated 
cases are two variations in gas turbine cooling Schemes. In one case a 
design is assumed that combines ceramic (uncooled) stator vanes and air- 
""''led rotor blades ; the second case assumes uncooled cerami'c. vanes and 
blades. The use of ceramics is accomplished parametrically by a pro- 
grammed reduction in compressor bleed air used for cooling the turbine 
section (see Section 5.3). 


A set of points was Included to Investigate gas turbine engine 

compressor intercooling. Figure 5.8 is a schematic illustrating the 

general cycle arrangement for this case. It assumes a single stage of 

intercooling and a similar pressure ratio for both the high-, and low- 

pressure coitipressor sections. The intercooler was assumed to be fed 

with water from a cooling tower. The intercooler parameters selected for 

the study were an intercooler approach (T. . - T„ ^ , ) of 16.7°K 

Axr, Out Water, In'' 

(30»F) and a water range ^^) of 12.8»K (IS^F). , 

The Intercooled cases covered a pressure ratio range of 8 to 24, 
with all other system parameters set at the base case values. 

One fuel variation was considered. In this case a high-Btu gas 
derived from coal was selected to replace the coal-derived liquid fuel. 


EffisoDUCBTirr? OP toe 


Dwg. 6367A29^ 



Fig. 5. 9-” Schematic diagram of recuperated open-cycle gas turbine 

system combined with organic fluid bottoming Q'cle 
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Since the attraction of simple and recuperated open-cycle systems has 
historically been their relatively low investment cost (and, therefore, 
their economy in peaking and intermediate duty application) , a capital- 
intensive integrated coal gasification low-Btu gas fuel system was not 
selected for Inclusion in this portion of the study. 

The three working fluids chosen for the bottoming cycles were 
selected primarily on the basis of their stability at the relatively high 
temperature associated with the gas turbine exhaust and their relatively 
high density at low temperature and pressure as would be reflected in the 
size of the bottom-cycle turbine exhaust area requirement. These selec- 
tion criteria are discussed in more detail in Section 7.2. The cycle 
arrangement used for both the R-12 and methylamine bottoming cycles is 
shown schematically in Figure 5,9. The topping cycle (recuperated gas 
turbine cycle) parameters used for these cases were selected from among 
the values used in the overall parametric study to provide the best fit 
between the heat source (turbine exhaust) temperature arid the bottom-cycle 
fluid heat absorption characteristic. This resulted in the selection of 
a turbine inlet temperature of 1366“K (2000°F) and pressure ratio of 8 to 
1. The bottoming cycles were designed for supercritical operation; that 
is, above the constant temperature boiling regime to fit better the gas 
turbine exhaust gas cooling line. 

The cycle arrangement for the uulfur dioxide bottomed system is 
shown schematically in Figure 5.10. In this case the bottoming cycle is 
fitted beneath a simple gas turbine cycle and incorporates some added 
complexity as additional measures to optimize the match between the heat 
source and absorption temperature lines. The gas turbine parameters 
selected for this case [1644°K (2500°F) and 16 to 1] also reflect the 
attempt to optimize the fit with the sulfur dioxide bottoming cycle. 

(The importance of matching the topping and bottoming cycles is fully 
discussed for the closed-cycle systems in Sections 7.2 and 7,4.) 



D»;g. 6367A30 



Turbine Cooling Air 
Gas Turbine Generator 


Fig. 5. 10-Schematic diagram of open-cycle gas turbine 
system combined with SO 2 bottoming cycle 
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5.3 Approach 


With the exception of the organic fluid portions of the bot- 
tomed cycles, all performance evaluations for the gas turbine cycle para- 
metric studies were mads using the Westinghouse proprietary computer 
program OPTCYC. This program is a performance optimization tool for pre- 
liminary design. It is capable of handling simple or combined (gas and 
steam) , and recuperated and intercooled cycles with a nonreheat or reheat 
steam cycle burning various types of fuels. It uses gas and steam prop- 
erties based on U. S. National Bureau of Standards, Series III, data and 
the Keenan and Keyes steam tables. It also accounts for all losses en- 
countered in power plants, such as cooling, pumping, and pressure drop, 
etc. No allowance has been made for the station-building power require- 
ments. 

The base case cycle calculation model and assumed specifica- 
tions are shown in Figure 5.11. For a given airflow, ambient condition, 
component efficiencies, effectiveness, and losses; together with fuel 
properties, gas turbine inlet temperature, and compressor pressure ratio; 
and the steam cycle condition (in the combined plant case), the OPTCYC 
program computes the thermodynamic conditions (temperature, pressure, 
enthalpy, and flows) at each state point across the components. Compres- 
sor performance is determined by using an efficiency calculation as a 
function of pressure ratio based on a proprietary, empirical formula de- 
rived from various compressors built and tested. When an intercooler is 
present, the given pressure ratio is reached by assuming equal c<~mpres- 
sion ratios for the high- and low-pressure comp’"essors. The quantity of 
fuel required to attain a specified gas tucoii; inlet temperature is com- 
puted iteratively. A double iteration is performed for a recuperated 
cycle. 

Requirements for gas turbine cooling were deduced from heat 
transfer and flow net^t7ork analyses of various high- temperature machines 
designed to date. These analyses were based on the use of state-of-the- 
art gas turbine materials, as described in Section 3. The cooling air 
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Component or Location 
Ambient Air 

Inlet Duct Pressure Drop 

Compressor Adiabatic Efficiency 

Cold Pipe, Hot Pipe, and 
Burner Pressure Drop 

Recuperator Pressure Drop 
Fuel Dist From Coal 


Specification 

Temperature • 59®F 

Pressure 14.7 psia 

Relative Humidity 60% 

API? 0.0075 

Function of Pressure Ratio 

lAPlP 0.055 

AP/P Air Side 0.012 

AP/P Gas Side 0.018 

Hi:V 18,700 Btu/ lb 

LHV 17,700 Btu/ lb 


Fig. 5. 11 -‘Calculation model and specifications for Base Case recuperated 
open-cycle gas turbine 
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usage curves used in the calculations are shown in Figure 5.12 where, for 
simplicity, the cooling flow is assumed to be a function of turbine inlet 
temperature only. For a given inlet temperature, coolant is extracted 
from the compressor discharge according to the cooling scheme considered. 
It is returned to the turbine as required for each stage. In the tur- 
bine, expansion takes place with mixed gas properties at a given effici- 
ency. Using the thermodynamic data acquired, the program then calculates 
the gas turbine and compressor power. Total net output of the plant is 
obtained after the mechanical and generator losses, as well as auxiliary 
power required, are deducted from the gross power. The auxiliary power, 
as applicable to the cycle analyzed, includes such items as boiler feed 
pump, circulating pump, cooling tower fan power, lubrication oil, and fuel 
pump, etc. Finally, combined plant efficiency is calculated on the basis 
of the high heating value of the fuel. Net plant specific power is com- 
puted per pound of airflow at compressor inlet. 

In the cycle computations made with the OPTCYC program, system 
components are defined by performance parameters that are defined in con- 
formance with accepted convention. For clarity, these definitions and, 
where applicable, assumed values, are presented below: 

• Turbine inlet temperature is the gas temperature 
immediately upstream of the first-row stationary 
vane. 

• Turbine efficiency is calculated on the basis of 
poly tropic stage efficiency = 0.90. 

• Compressor pressure ratio is the ratio of total pres- 
sures at the compressor outlet flange to those at the 
compressor inlet flange. 

• Compressor efficiency is an empirical function of 
pressure ratio derived from tests. 

_ isentropic enthalpy rise for given pressure ratio 
^C actual enthalpy rise 
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Curve 68Q3^B>D 



Turbine In let Temperature ( °Fi 
Fig. 5. 12— Gas turbine blade cooling flow usage 




s Recuperator effectiveness} 


T ■ - I 

Combustor Inlet Compressor Discharge 

7 — T 

Turbine Outlet Compressor Discharge 


• Recuperator pressure drop ratio: 

AP, 


E. 

P P 


T Cold Side , T Hot Sidd 
^ — — 


T Gold Side, In T Hot Side, In 


AP 

where, typically, f or ^ = 0.030 


AP 


T Cold Side 


= 0.012 


"T Cold Side, In 


AP, 


T Hot Side 
^T Hot Side, In 


= 0.018 


That is , 


(?) = (?) 
Hot 


Cold 


» Intercooler approach is 

assumed to be lO.T^K (30°P). 

• Intercooler range is 

assumed to be 12.8°K (23°F). 


5.4 Results of Parametric Study 

This section presents the results of the parametric analysis of 
power system performance. For convenience in referring to the calculation 
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TABLE 5. 2 - RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION 
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results, the parametric variations investigated and summarized earlier 
in Table 5.1 have been numbered and presented in an expanded form in 
Table 5.2. Point 1 represents the base case, an air-cooled gas turbine 
with an inlet temperature of 1478®K (2200®?), a pressure ratio of 10 to 
1, a recuperator effectiveness, e^, of 0.8, and a recuperator pressure 
drop, AP/P, of 0.03, which burned distillate fuel., Points 2 through 26 
have been assigned to the siraple-cycle gas turbine parametric evalua- 
tions, covering turbine inlet temperatures of 1255 to 1644°K (1800 to 
2500°F) and pressure ratios of from 6 to 1 to 24 to 1. Points 27 through 
44 cover the same range of gas turbine engine parameters for recuperated 
cycles with a recuperator effectiveness, e„, of 0.80 and a pressure drop 
ratio, AP/P, of 0.03. Points 45 through 64 provide for recuperator para- 
metric variation covering of 0,7, 0.8, and 0.9 and AP/P of 0.02, 

0.03, and 0.04. Points 65 through 70 examine the intercooled recuperated 
cycle, using the base cycle, with pressure ratio variation from 8 to 1 to 
24 to 1. Points 71 through 92 repeat a portion of the high- temperature 
recuperated cases, except that turbine cooling air requirements are 
varied by assuming a substitution of ceramics for air-cooled components. 
Point 93 was assigned to a turbine reheat case. (This point was later 
omitted and was not calculated.) Point 94 is the base case variation 
burning high-Btu gas. Points 95, 96, and 97 cover the R-12, methylamlne, 
and sulfur dioxide bottoming cycle cases, respectively. 

In addition to the parametric description of each case point, 
Table 5.2 lists the corresponding results of specific power calculations. 
Selected case results and the results of the parametric investigation are 
discussed below. 

5.4.1 Selected Case Results 

Figure 5.13 presents a summary of calculated performance data 
for the base case recuperated open-cycle case. The calculation procedure 
and assumptions related to operating conditions and component parameters 
are discussed in Section 5.3. With the exception of long-time commercial 
demonstration of this turbine inlet temperature, this base case performance 
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TABLE 5.2- RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION 
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BASeiM CASE CYCLE DATA SUMMARY (Point 1) 


Station 

Pressure, psia 

Temperature. °F 

Flow, Ib/s 

■ 1 

14.7 

59 

750 

2 

147.0 

600 

642 

i 


991 

642 

4 

144.0 

2200 

654 

5 

15.0 

1102 

763 

6 

14.7 

773 

763 

7 


600 

108 


fuel; distillate from coal ( 18, 700 ml lb HH V) : Flow = 13 25 Ib/s 
Cycle Efficiency: 37.8% 

Specific Power: 131. 6 kW/(lb/sl 


Fig. 5. 13“Base Case recuperated open-cycle results 
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CYCLE DATA SUMMARY fPoint 69) 


Station 

Pressure, osia 

Temperature. °F 

Flow, lb 

1 

14.7 

59 

750 

2 

147.0 

367 

750 

3 


96 

750 

4 

294.0 

425 

642 

5 


777 

642 

6 

283,0 

2200 

657 

7 

15.0 

865 

765 

8 

14.7 

581 

765 

9 


425 

108 

10 


66 


11 


89 



Fuel: distillate from coal (18,700 Btu/lb HHV) ; Flow = 15. 4 Ib/s 
Cycle Efficiency = 4L0% 

Specific Power = 165. 7 kW/db/s) 


Fig. 5. 14 -Sample recuperated intercooled open-cycle results 






is typical of state-of-the-art systems currently available on the commer- 
cial market. 

Figure 5.14 provides sample results of the recuperated/ 
intercooled open-cycle cases. The results are shoTTO for Point 69 with a 
turbine inlet temperature of 1478“K (2200“F) and a combined tP and HP 
compressor pressure ratio of 20 to 1, which, as shown later, represents 
the most economical case of this type investigated. It should be noted 
that the same amount of turbine cooling airflow was used for this case as 
for the base case. This is because of the simplifying assumption that 
the cooling air requirement is a function of turbine inlet temperature 
only. In reality, however, the lower temperature cooling air available 
in an intercooled system (at a given pressure ratio) would result in a 
lower cooling flow requirement. This would be reflected In even greater 
cycle performance improvements with Intercooling than those shown here. 

Figure 5.15 shows the cycle data for the bottoming cycles cases 
with the R-12 and methylamine working fluids (Points 95 and 96, respec- 
tively) . The gas turbine topping cycle parameters selected for these 
cases were those of Point 31, that is, 1366“K (2000“F) and 8 to 1. The 
cycle efficiency for that case was 36.7%, so that the effect of adding 
the bottoming cycles is a 16.6 and 20.7% improvement in efficiency with 
the R-12 and methylamine cycles, respectively. The bottoming cycle tur- 
bine inlet parameters used for both cases were set at 589®K (eCO^F) and 
17.23 MPa (2500 psi) abs. 

The results for the sulfur dioxide bottoming cycle. Point 97, 
are summarized on Figure 5.16. Fcr this case the gas turbine cycle para- 
meters selected are 1644°K (2500®F) and 16 to 1. Note that the results 
for this case are for compressor airflow rates of 442 kg/s (975 Ib/s) 
compared to 340 kg/s (750 Ib/s) for all other cases. Also, the sulfur 
dioxide bottoming cycle was fitted beneath a simple gas turbine topping 
cycle, rather than a recuperated cycle as in the cases of R-12 and 
methylamine. Point 24 represents the corresponding simple-cycle case for 
which a cycle efficiency of 33.5% was calculated. This indicates that the 
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CYCLE DATA SUMMARY (Point 95 and 96) 


Station 

P, psia 

LIE 

h, Btu/lb 

G, Ib/s 

Gas Turbine 





1 

14.7 

59 


750.0 

2 

117.0 

529 


659.0 

3 


959 


659.0 

4 

109.0 

2000 


670.5 

5 

15.8 

1057 


76L5 

6 

15.5 

708 

191.3 

76L5 

7 

14.7 

290 

85.4 

76L5 

3 


529 


9L0 

R-12 





101 

135.0 

102 

3L5 

695.2 

102 

2941.0 

111 

40.3 


103 

2500.0 

600 

156.3 


104 

135.0 

312 

124.1 


Met'nylamine 





101 

83.4 

104 

109.3 

‘163.4 

102 

2694. 0 

111 

125.5 


103 

2500. 0 

600 

619.1 


lOt 

83.4 

227 

484. 0 



Fuel; distillpte from coal ( 18. 7(H) Btu/lb); Flow = IL 5 Ib/s 
Cycle Efficiency = 42. 8% (R-I2); 44. 37; (Methylamine) 
Specific Power = 129.5 kW/(lb/s) (R-12); 

= 134.0kW/(lb/sl (Methylaminel 

Fig. 5, 15-Organic fluid bottoming cycle results 
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CYCLE DATA SUMMARY (Point 97) 
P, psia T, °F h, Btu/lb 


Station 

1 

2 

3 

4 

5 

6 
7 
3 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 
113 


14.7 

233.0 

220.0 

15.0 


14.7 

86.0 

449.0 

436.0 

436.0 

2768.0 

2713.0 

2632.0 

2500.0 

450.0 

89.5 

87.8 

86.0 

436.0 


59.0 

769.0 

2500.0 

1090.0 

693.0 
40&0 

306.0 

769.0 

101.3 

110.0 

isao 

220.0 

250.0 

368.0 

550.0 

1000.0 

662.0 

408.0 

290.0 

145.0 

290.0 


295.3 
188 7 

115.4 

89.8 


65.7 

66.8 
9L7 
110.8 

119.1 

167.5 

250.6 

362.8 
3083 

266.7 

246.2 
22L3 

235.2 


G, lb/5 

975.0 
80L4 

825.8 

999.4 

999.4 

999.4 

999.4 

173.6 

824.0 

824.0 

824.0 

950.5 

950.5 

349.7 
70,4 

950.5 

126.5 

824.0 

824.0 

824.0 

126.5 


Fuel; distillate from coal (18,700 Gtu/lb); Flow = 24. 4 Ib/s 
Cycle Efficiency = 48 2 % 

Specific Power = 238 7 kW/(lb/sl 

Fig. 5 16— SO^ bottoming cycle results 


5-37 





Curvo 679B73-8 



70 90 no 130 150 ,170 

Specific Power,kW/flb/s) 

Fig. 5. ,17 -Gas turbine cycle efficiency vs specific pov/er 
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effect of the sulfur dioxide bottoming cycle was to increase efficiency 
by 43«9% over the simple-cycle case. Compared to the corresponding re- 
cuperated cycle (Point 42) , the sulfur dioxide bottoming cycle represents 
an efficiency improvement of 28.1%. 

'5.4.2 Results of Parametric Variation 

The results of the basic gas. tuth^-ne cycle parametric investi- 
gation are presented on Figure 5.17. Curves of cycle efficiency and/or 
heat rate as functions of specific power (gas turbine generator net 
output divided by compressor inlet airflow) are drawn at constant turbine 
inlet temperature and constant compressor pressure ratio for both recu- 
perated (at E_ = 0.8 and AP/P = 0.03) and simple (e_ = 0.0 and AP/P = 0) 
cases. These show the general trends of improved cycle efficiency with 
Increased turbine Inlet temperature. 

At constant temperature, the nature of the pressure ratio 
effect upon efficiency is seen to be reversed for the two cases. For the 
recuperated cycle, efficiency peaks at a relatively lot; pressure ratio 
and falls off steeply as the pressure ratio is increased. This is actu- 
ally the result of decreasing gains through recuperation as the compres- 
sor discharge temperature increases, with increased pressure ratio, to 
approach the turbine exhaust' temperature. At higher pressure ratios, the 
turbine exhaust would actually be colder than the compressor discharge 
and negative recuperation would occur, resulting in an efficiency loss, 
tliis can be seen where the efficiency curves for the recuperative cycles 
fall below those for the corresponding simple-cycle cases. 

In general, Figure 5.17 shows that a substantial gain in effi- 
ciency can be realized by recuperation. For example, the base case at 
1478“K (2200°F) and 10 to 1 has a cycle efficiency of 37.8% xAich repre- 
sents a 25.2% improvement over the corresponding simple-cycle efficiency of 
30.2%. Comparing the peak efficiencies shown for a 1644°K (2500°F) tur- 
bine inlet temperature, a recuperative cycle with a 10 to 1 pressure 
ratio would have an efficiency 13.3% greater than a simple cycle with a 
24 to 1 compressor. 
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ISO Ambient-Distillate Fuel From Coal 
T^ = 22Q0'’F 




Fig. 5. 18 Fig- 5. W 

Gas turbine recuperator periormance variations 




Also of significance is the observation that efficiency gains 
through turbine inlet teiaperature increases at a given pressure ratio are 
greater for the recuperated cycles. For example, at a pressure ratio of 
12 to 1, an increase in turbine inlet temperature from 1366 to 1644“K 
(2000 to 2500°F) results in a 9,4% gain in efficiency with recuperation, 
but the corresponding simple-cycle parametric variation results in only a 
2.2% gain. - 

The results of varying recuperator design parameters are shown 
on Figures 5.18 and 5.19. The former shows the recuperator effectiveness 
on cycle efficiency, and the latter shows the effect of recuperator pres- 
sure drop (gas side + air side) at constant effectiveness. The signifi- 
cant impact of effectiveness at a lower cycle pressure ratio Is evident. 
This is expected since, as discussed earlier, the benefit of recuperation 
is greatest with large temperature differences between turbine exhaust 
and compressor discharge. At 20 to 1, there is essentially no improve- 
ment' in performance with an increase in recuperator effectiveness from 
0.70 to 0.90. 

Only a negligible effect on performance was obseirved over the 
whole range of pressure drop variation investigated. 

The results of investigating the effect of substituting uncooled 
ceramics for air-cooled components in a recuperative cycle are presented 
on Figure 5.20. Efficiency as a function of specific power curves is 
shown for the air-cooled ceramic vanes and ceramic vanes /blades cases 
evaluated at 1478 and 1644°K (2200 and Z500°F) with parametric variation 
of compressor .pressure ratio. The cooling air usage variation assumed 
for this investigation was discussed earlier and was shown in Figure 5.12. 
The results show that a gain of about five points in efficiency (or a 
12.7% Improvement) and an Increase of nearly 21.3% in power output can be 
realized with the indicated reduction in the required amount of cooling 
air at the 1644'’K (2500°F) turbine inlet temperature. Further, it is 
shcnra that a ceramic turbine at 1478°K (2200“F) inlet temperature provides 
a s.'lgnificant performance advantage over an air-cooled system operating 



Curvs 679B7J-D 



Specific Power, kW/Ub/s) 

Fig, 5. 20-Cycle efficiency vs specific power for gas turbine recuperative 
cycle blading variations 
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at i644°K (2500“F) . Although this turbine cooling variation was examined 
for only the recuperative-cycle, similar results would be expected for 
the simple-cycle caset 

Figure 5.21 displays the results of the investigation of the 
effect of intercooling upon recuperative cycle performance. The curves 
show efficiency versus specific power for the 1478"K (2200 “f) turbine 
inlet temperature selected for the study. Significant effects were ob- 
served. The optimum cycle pressure ratio shifts upward from 
about 10 to 1 to 16 to 1. This results from the lowering of the compres- 
sor discharge temperature and the effect that this has upon the benefits 
of recuperation. Also, a gain of about 3.6 points (or nearly a 9.6% im- 
provement) in peak efficiency and of 23.9% in power output (at peak effi- 
ciency) were calculated. 

Figure 5.22 displays the results of the computations of the 
bottomed cycles in relation to other selected open-cycle parametric 
points. It can be seen that the bottomed cycles resulted in the highest 
efficiencies, even though the R-12 and methylamine cases utilized a 
relatively low-temperature [1366°K (2000“F)j gas turbine. (The unbot- 
tomed cycle point is also shown for comparison.) The sulfur dioxide 
bottoming cycle represented the highest efficiency (48.2%) and specific 
power [nearly 529 1 kW/(kg/s) (240 kW/(lb/s)] of ail cases studied in 
this category. The various other c^cle points with the same gas turbine 
parameters are plotted for comparison, as is the base case point and an 
intercooled recuperated-cycle point. The result of the case calculated 
with high-Btu gas fuel is also shown. 

5 . 5 Capital and Installation Costs of Plant Components 

The approach for developing plant capital costs has been first 
to develop , as completely as possible in the available time, a descrip- 
tion of the base case plant. Pricing data are developed for this plant 
and subsequently expanded for the remaining parametric points. 
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Air Cooled Recuperative Cycle 
h Methylamine Bottoming Cycle 


Air Cooied Simple Cycle 
SO 2 Bottoming 

j>T,j=2500®F, p^. = 16 
^ Point 97 


Point 2000" F 

o 

Point 95 3 Pc = o 


Intercooied 
.Recup. Cycle 
Tit = 2200® F, Pc =20 

Basecase- 


Ceramic Vanes and Bladed 

^ Recup. Cycle 

T,j = 2500®F, Pj. = 16 


Air Cooled 
Recup. Cycle 
T|j= 2000®F 

Pc = 8 


/ 


Ceramic Vanes Recuperative Cycie 
"^T|j=2500®F.Pc=16 

^ Air Cooied Recuperative Cycie 
T|t = 2500®F. p =16 


o Air Cooled Simple Cycie 
T,t= 2500®F. Pj. =16 


Air Cooled Recuperative Cycle 
T|j = 2200® F, High-Btu Gas p^. = 10 


1 


1 


50 100 150 200 250 

Plant Specific Power. kW/(lb/s) ( Based on compressor Inlet air mass flow r ate) 


Fig.5. 22 -Organic bottomed cycles cycle efficiency versus specific power 
(Iso Ambient Distillate Fuel from Coal Unless Noted) 
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Si5.1 Description of the Base Case Power Plant 

The power plant arrangement for the base case is shown in 
Figure 5.23, and the overall ECAS study plot plan arrangement is illus- 
trated by Figure 5.24. The power plant consists of four nominal 100 MW 
recuperated gas turbines for an overall plant rating of approximately 
400 MW. The fuel selected for use is a distillate derived from coal. No 
major heat rejection equipment, such as cooling towers, is required. 

5. 5. 1.1 Starting Package 

The starting package is a self-contained module which provides 
break-away torque for initial rotation and acceleration to self-sustaining 
speed. This electrically operated device also contains provision for 
slow roil of the combined turbine and generator shafting during cool-down 
periods . 

5. 5. 1.2 Generator and Exciter 

The generator and exciter are directly coupled to the gas tur- 
bine shaft at the compressor end. Tlie generator is hydrogen-cooled and 
uses shaft-mounted axial blowers for hydrogen circulation within the 
generator. 

5 . 5 . 1 . 3 Gas Turbin e 

The conceptual design selected for the base case gas turbine is 
shown in Figure 5.25. The 60 rps (3600 rpm), single-shaft design incor- 
porates an axial-flow compressor passing 340 kg/s (750 Ib/s) at a pres- 
sure ratio of 10 to 1. The multiple-can burner system raises the products 
of- combustion temperature to 1478°K (2200‘’F) at the turbine inlet. The 
'' three-stage turbine utilizes air cooling of vanes and blades, incorporat- 
ing impingement/convection/film-cooling techniques. The unit utilizes 
two fluid film journal bearings, horizontal joint construction, and com- 
pressor end drive; and features fully assembled rail shipment capability. 

5. 5. 1.4 Recuperator System 

The heart of the recuperator system is an advanced type tension- 
braze plate-fin heat exchanger. A conceptual picture of one module of 
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Fig. 5.24-Recuperaled open-cycle gas turbine plant base case 
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such a heat exchanger Is shown in Figure 5.26. The unit uses thin gauge, 
400 series SS, in a lightweight' design optimized for cyclic duty operation 
at turbine, exhaust temperatures of about 866®K (1100®F). The cold- 
air piping is constructed of carbon steel, and the hot-air return piping 
is 1-1/4 Cr alloy steel. Series 300 SS bellows 7 type expansion joints are 
used for this design. 

5. 5. 1.5 Gas Turbine Auxiliary Skids 

The self-contained mechanical skid assembly includes lubricat- 
ing oil pumps, filters and reservoir, air-system pressure switch and 
gauge cabinet, and seal oil system. Included in the electrical and con- 
trol skid are the batteiry equipment, motor control center, voltage regu- 
lator, generator relay panel, and certain control equipment. The fuel 
skid includes fuel pumps, filters, and related equipment. 

5.5.1. 6 Switchgear 

The switchgear equipment includes the Isolated phase bus, oil- 
, circuit breakers, the disconnect switch, and the main and auxiliary trans- 
formers. 

5. 5. 1.7 Balance of Plant 

Due to the compact nature of the power plant, a site located 
outside of a city near an industrial area — not the Middletown site — has 
been selected. Railroad service consisting of two parallel spurs, each 
with a 20 taiik-car capacity, has been provided for fuel delivery. Two 
oil-storage tanks of API standard construction are sized for 2.592 Ms 
(30 day) operation at a capacity factor of 45%. The tanks are positioned 
on a compacted sand foundation and are surrounded by a retaining dike 
system. 

Foundations for the power plant are reinforced concrete not re- 
quiring pile supports , 

The station building — 557 (6000 ft^) floor area — includes 

all necessary offices, plant maintenance, control room, and toilet and 
locker facitilies. It is designed for steel frame and concrete block or 
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Component 

Basic Dimensions, i 

B (ft) 

Mass (Weight) , kg (lb) 

Gas Turbine 

Length 

Diameter 



Turbine section 

3.0 

4.0 


75,300* 


(10.0) 

(13.3) 


(166,000)* 

Compressor section 

7.1 

3.2 


88,000* 


(23.3) 

(10.4) 


(194,000)* 

Recuperator, Module 

Length 

Width 

Height 

. ••• 

(Three required) 

8.3 

3.0 

3.6 

34,000 









insulated metal siding. Steel frame metal siding enclosures are provided 
for fuel oil tank farm fire protection equipment. 

The fuel unloading station is designed for rail or truck de- 
livery and includes three 94.63 l/s (1500 gpm) pumps. Three 50% capacity 
fuel transfer pumps supply the gas turbine units through a common header. 
Complete fire protection is, provided, including a liquid foam system for 
the fuel oil tank farm and unloading station and a deluge system at the 
main transformers. 

The control room, located in the station building, Includes the 
computer control package for the gas turbine units. 

One three-phase, 500 kV transformer is supplied for each gas 
turbine unit . 

5.5.2 Approximate Sizes and Heists of Ma.jor Components 

Major Components of the recuperated open-cycle gas turbine sys- 
tem, simplest of the EGAS energy conversion concepts. Include the gas tur^ 
bine engine and the recuperator. The relative sizes of these components 
are Illustrated by the power plant arrangement plan view of Figure 5.23. 

A more detailed listing of the size and mass of these major components of 
the base case is given in Table 5.3. 

It is important to note the arbitrary nature of the classifica- 
tion of the sections of the gas turbine unit. The compressor, turbine, 
and combustion sections (for most open-cycle turbines) are integral parts 
of each turboraachlne unit, and,* therefore, the comb,ustion section has 
been grouped arbitrarily with the compressor section. The gas turbine 
would be rail shlppable as a single unit, as would the individual recu- 
perator modules . 

5.5.3 Gas Turbine and Auxiliaries Price Determination Procedure 

For the determination of parametric variations in gas turbine 
price a macro (as opposed to a micro) viewpoint has been selected. That 
is, gas turbine components have been segregated into groups of major 


5-53 






K n.Jt Mmxiiiua 


Turbine Stationary 
Vane Assembly 


Turbine 

Diffuser 


Combustor 

Assembiy 


Compressor Stationary 
Vane Assemblies 


Turbine Rotating 
Element 


Compressor Rotating 
Element 


Compressor Combustor 
Section Assembly 


Inlet Casing 
Assembly 


Turbine Section 
Casing 


Fig. 5.27-Cas turbine major functional pricing groups 





functional areas for examination with respect to price analysis. For 
example, compressor section stationary vane blading, combustion system, 
and turbine section rotating elements have been classified as wholes for 
representation by a single price as opposed to identifying single items 
such as individual turbine disk forgings or Individual turbine or com- 
pressor section blades. 

The model for partitioning of the whole gas turbine into the 
major functional groups is illustrated by Figure 5.27. A group of pro- 
duction and conceptual design engines were analyzed with respect to 
selling price and with prices segregated according to the functional 
group breakdown of the model. These engines ail reflect current heavy- 
duty design practice and span a range in power output from approximately 
25 to 130 MW. The segregated data were correlated with respect to 
selected independent parametric variables and were found to be represen- 
tative over a wide range of parametric values. Additional price corre- 
lations were developed for the gas turbine auxiliaries and ancillary 
equipment necessary for a complete gas turbine plant. The data in nor- 
malized form are displayed by Figures 5,28 through 5.43, and Incorporate 
the nomenclature given in Table 5.4. 

Table 5.4 - Nomenclature 


5= Compressor inlet airflow 

= Compressor pressure ratio 

N = Shaft rotational ' speed 

AH Combustor = Enthalpy rise from compressor discharge 
to turbine inlet 
* 

' AH Turbine = Enthalpy drop from turbine inlet to tur- 
' bine exit 

Tj^j = Turbine inlet temperature (temperature at 

inlet to first stationary vane row) 

T_ . = Compressor discharge temperature. 


5-55 



Mormalized Price 



5-56 



alized Price 


REPKODUCIBILTrY OF ^ 




3 IS POOR 


Curve 682278-A 




Normalized Pr 


Curve 68227 3-A 



Flg,5.30“ Compressor -combustor section casing price 


5-58 





lized Price 



Worma!ized Compressor Flow Factor, 


‘’Ic ‘'c /_N_\ 
(®lc 


Fig.5. 32” Compressor rotating element price 
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Fig. 5. 33- Combustor assembly price 
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Fig.5. 40“ Price for assembly of complete rotating element 
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Fig. 5. 41- Price for assembly of complete gas turbine 








Certain aspects of the price correlation curves are worthy of 
further description. 

Dual curves, for different compressor pressure ratio ranges, 
are shown for pricing certain gas turbine elements. This representation 
was arbitrarily selected as an optimum means of reporting prices deter- 
mined from manufacturing eKperience and conceptual design studies of 
these selected components . The price variations reflect fundamental 
changes in the design philosophy incorporated as pressure ratio is in- 
creased. 

At higher pressure ratios, greater sensitivity to compressor 
surge or stall during start-up and higher operating temperatures at com- 
pressor discharge are encountered. Typical desijpi approaches Involve the 
use of higher-t imperature alloys in the final compressor sections. In 
certain cases the use of variable stationary vanes or the use of a series 
compressor section arrangement is incorporated for higher pressure 
ratios. Such design changes can be Identified as occv.rring in the range 
of pressure ratios 12 and 16 to 1; arbitrarily, the cutoff point for 
price representation was assumed to occur at a compressor pressure ratio 
of 12 to 1. 

For the case of the compressor stationary vane assembly price, 
Figure 5.31, the higher price curve reflects changes in materials for 
high-temp erasure sections such as higher alloy vanes, shroud material, 
and changes in design such as the use of variable srationary vanes. 

In the case of the compressor rotating elements price, as re- 
ported in Figure 5.32, the increased price reflects the higher-temperature 
alloys materials price and the generally increased complexity in design 
and manufacturing processes. Similar price effects arc shown on the as- 
sembly cost of the rotating element. Figure 5.40, reflecting the increased 
complexity of assembling higherrpressure design rotating elements. 

Figure 5.42 shows the form of price correlation used for gas 
turbine generators. The majority of parametric point calculaf"’ ons were 
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Fig.5.43“ Plant accessories 




made using the hydrogen-cooled 60 rps (3600 rpm) correlation. For cer- 
tain calculations regarding the effect of gas turbine unit output on 
overall plant cost, the air-cooled 60 rps (3600 rpm) generator price re- 
lation was used. This type of unit is most often available commercially 
in the 25-to-75 size. Although shown at a slightly lower price, the 
units have a somewhat lower efficiency relative to hydrogen-cooled gene- 
rators as a result of higher windage losses and other effects. A price 
correlation for 30 rps (1800 rpm) generator is also shown in Figure 5.42. 

, Figure 5.43 shows the pricing correlations used for the associ- 

ated gas turbine plant auxiliaries. 

Two investigations regarding the accuracy of the gas turbine 
price correlations were made. First, tie degree of accuracy with which 
the price relations reproduced the origiial gas turbine price data was 
determined. The relations were found to be accurate to within 5% over 
the whole range of variables . 

A second check was made to assess the validity of using the 
price relations for extrapolation beyond the range of data used in their 
generation. The relations were used to estimate the price of the concep- 
tual design engine shown in Figure 5.44. This design, consisting of mul- 
tiple compressor sections and separate power turbine, and projected to 
operate at a firing temperature of 1644°K (2500“F) and a compressor pres- 
sure ratio of 25 to 1, was independently priced by value engineering per- 
sonnel. The price values from the correlations and independent estimation 
agreed to within approximately 10%. 

Parametric price variation determination was implemented by 
curve fitting and computer calculation of the many individual parametric 
point values . 

5.5.4 Gas Turbine Recuperator System Pricing 

The recuperator system used in this study is based on an ad- 
vanced plate-fin tt=ucion-braze design of the Airesearch Manufacturing 
Division of the Garrett Corporation (Reference 5.9). The approach used 


5-73 



Dwg. 6366A97 


Comp. Drive Turbine 4^0 RPM 
Comp. Drive Turbine 3000 RPM 



Fig. 5. 44 -Large Multiple Shaft Gas Turbine Engine 



in expressing parametric price variation is summarized in Figure 5.45. 

This plot e>:preB8e8 the variation of weight and price as a function of 
pressure drop and effectiveness relative to the base recuperator for 
which an accurate price estimate has been made. For parametric point 
variations where turbine exhaust temperature is different from the base 
case value, the recuperator price is further modified relative to this 
value according to the relationship of Figure 5.46. 

The recuperator piping system consists of carbon steel piping 
for the cold lines, 1-1/4 Cr alloy steel piping for the hot return lines, 
and an extensive system of bellows-type expansion joints. 

5 . 5.5 Tabulation of Overall Plant Material and Installation Costs 

The prices of major components were determined by the proce- 
dures previously described. Additional price estimates for balance of 
plant equipment was provided by Ghas. T. Main, Inc. of Boston, The 
pricing of heat rejection equipment. Including steam turbine condensers 
and cooling towers, was handled by means of parametric relations incor- 
porated in the actual cost of the electricity calculation computer pro- 
gram (Section 2) . The input used for these and other aspects of the 
calculation is summarized for the base case (Point 1) in Table 5.5. 
(Inclusion of this table is made for the sake of completeness only, as 
none of the recuperated open-cycle parametric points utilized steam bot- 
toming cycles. Note also that the auxiliary power requirements of the 
recuperated-cycle tabulation have been set to zero, as the originally 
calculated plant powers and efficiencies had been calculated with auxil- 
iary power allowances . ) 

The direct costs for materials (equipment) as well as estimates 
for installation costs were then tabulated according to account code 
listing (itemized by categories, e.g., 1.0 Site Development through 21.0 
Stack-Gas Cleaning) for each parametric point. 

Table 5.6 illustrates the detailed account listing for Point 1, 
the recuperated-cycle base case. The account listing gives first the 
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Fig.5. 45 -Parametric variation of plate-fin tension brazed re- 
cuperator sizes and weights relative to Base Case recuperator: 
Effectiveness = 0, 80 
(AP/P)Total =0.30 
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Fig. 5. 46 -Recuperator price variation with turbine exhaust temperature 


Tabic 5.5 


OPEN CYCLE GAS TURBINE 


ACCOUNT NO AUX POUERtHWE PERC PLANT POM OPERATION COST MAINTENANCE CDiT 


NOMINAL P0UER> HUE 
NOH heat RATE. BTU/KU-HR 
OFF OESION heat RATE 
condenser 

DESIGN PRESSURE. IN HG A 
NUMBER OF TUBES/SHELL 

OFF design PRES. IN HC A 


.00000 .00000 .00000 
OPEN CYCLE GAS TURBINE BASE CASE INPUT 
3B4.8SD0 NET POWER. HUE 


9033.218B 

.0000 


NET POWER. HWE 

NET HEAT HATE. BTU/KU-HR 

NUMBER OF SHELLS 
TUBE LENGTH. FT 
TERMINAL TEMP OIFF. F 

approach^ F. 

OFF design TfRF. F 

LP turbine blade len. in 


334.8800 
3033. 21B5 


1 

33.720 

2 

.378 

3 

.000 

4 


5 

2.500 

G 

.ODD 

7 

.000 

S 

.000 

3 

.000 

10 

.000 

11 

.000 

12 

.000 

13 

1.000 

14 

1.000 

15 

• ODD 

16 

.000 

17 

40.000 

18 

4.000 

13 

.000 

20 

.000 

21 

1.000 

22 

4350.000 

23 

.000 

24 

600.000 

25 

• 000 

ZB 

.000 

27 

6000.000 

28 

.000 

23 

B3S0000.0D0 

3D 

•ODD 

31 

.300 

3Z 

60.000 

33 

.000 

34 

.200 

35 

• 20D 

3B 

200000.000 

37 

.000 

38 

l.DOD 

39 

1.000 

40 

•QDO 

41 

.000 

42 

.000 

43 

.000 

4" 

60000.0DO 

45 

36000.Q0Q 

46 

.ODD 

47 

.000 

48 

3.0DD 

LS 

l.OCD 

50 

•000 

51 

1 

.□□□ 

4.000 


.000 

4.000 

3 

4.00% 

4 

4.000 

5 

i(.CQO 

E 

4.000 

7 

4.000 

B 

1028700.000 

3 

.050 


307300.000 

11 

.050 

12 

2166300.000 

13 

, .050 

14 

iiEBioo.oao 

15 

•mo 

16 

z06i2oo.aoa 

17 

.030 

18 

340700.000 

13 

.100 

20 

274700.000 

21 

.350 

2Z 

305000.000 

23 

231600.000 

24 

.000 

25 

4.D00 

26 

isaiioo.oDo 

Z7 

.ISO 

2B 

.000 

29 

4.000 

30 

• ODO 
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Table 5. 6 

ACCCUNT NQ. 


S NAHEt 


UNIT 


ACCOUNT LISTING 

amount hat S/unit ins s/dnit hat costiS ins cost»s 


OPEN CYCLE GAS TURBINE 
PARAMETRIC POINT NO- 1 


SITE DEVELOPMENT 

1. 1 LAND COST ACRE 

I. 2 CLEARING LAND ACRE 

1. 3 GRADING LAND ACRE 

1. 4 access RAILROAD MILE 

1. 5 LOOP RAILROAD TRACK MILE 

1. 6 SIDING F. R TRACK KILE 

1. 7 OTHER SITE COSTS ACRE , - - - - 

PERCENT TOTAL DIRECT COST IN ACCOUNT 1 r 1.E75 ACCOUNT TOTALtS 


40.0 

10000.00 

.00 

13.3 

.00 

600.00 

40.0 

.00 

3000.00 

.0 

115000.00 

110000.00 

.0 

120D0D.D0 

70000.00 

1.0 

1250PD.0D 

dOOOO.OO 

.0 

.00 

.00 


400000.00 
.00 
.00 
.00 
.00 

125000.00 
955S7.31 

620557.30 


.00 

7993.20 

120000.00 

.00 

.00 

SOOOD.OO 

95557.31 

303556.51 


EXCAVATION S FILING 

2. 1 COMMON EXCAVATION YD3 146S0.C 

2. 2 PILING FT 33COD.O 
PERCENT TOTAL DIRECT COST IN ACCOUNT 2 : 


.03 3.00 .CD 4:<5SC.OD 

6.50 B.5C 257400.00 336600.00 

1.158 ACCOUNT TOTALfS 257400.00 381150. DO 


PLANT ISLAND CONCRETE 

3. 1 PLANT IS. CONCRETE VD3 4950.0 

3. 2 SPECIAL STRUCTURES Y03 .0 

PERCENT total DIRECT COST IN ACCOUNT 3 : 


70.00 80.00 346500.00 3S600C.OO 

•DC .00 .00 .00 

1.346 ACCOUNT T0TAL»$ 34650C.00 396000.00 


HEAT REJECTION SYSTEM 
4. 1 COOLING TOWERS 


EACH 


4. 2 circulating H20 SYS EACH 
4. 3 SURFACE CONOtNS'fi FT2 
PERCENT total DIRECT COST IN ACCOUNT 


.0 .00 .00 

.0 .L'O .00 

.0 .00 .00 

4 = .ODD ACCOUNT TOTALtS 


.00 

.00 

.DO 

.00 


.00 

.00 

.00 

.00 


STRUCTURAL FEATURES 
5. 1 STAT. STRUCTURAL 
E. 2 SILDE 8 9UNKERS 
5. 3 CHIMNEY 
5. 4 STRUCTURAL FEATl 


BUILDINGS 

6. 1 STATION DUILCINGS 
6. 2 ADMINSTRATION 
6. 3 warehouse S SHOP 


FUEL HANDUING 8 STORAGE 
7. 1 COAL handling SYS 
7. 2 DOLOMITE HAND. SYS 
7. 3 FUEL OIL HAND. SYS 


FUEL PROCtSSINS 

e. 1 


TON 600.0 

650. DO 

175.00 

3900CD.0Q 

105000.00 

TPH .□ 

1800.00 

750,00 

.00 

.00 

FT -0 

.00 

.00 

.00 

.00 

EACH 1.0 

.00 

.00 

.00 

.00 

IN ACCOUNT 5 = 

.897 ACCOUNT 

TOTAL*® 

390000.00 

105000.00 

FT3 .0 

.16 

.16 

.00 

.00 

FT2 GOCO.O 

16.00 

14.00 

36000.00 

84000.00 

FT2 .0 

12.00 

8.00 

.00 

.00 

■ IN ACCOUNT 6 = 

.326 ACCOUNT 

TOTAL*® 

96000.00 

84000.00 

TPH .0 

,00 

.00 

.00 

.00 

TPH .0 

.00 

.00 

.00 

.00 

GAL 8950CUD.n 

.00 

.00 

SDSOaO.DD 

613051.63 

■ IN account 7 = 

2.578 ACCOUNT 

TOTAL*® 

809080.00 

613051.87 

.0 

.00 

.DO 

.00 

.00 

r IN ACCOUNT 8 = 

.ODD ACCOUNT 

TOTAL*® 

.00 

.00 
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Table 5.6 
ConClnued 

ACCOUNT NO* 8 NAHE» 


FIRING SYSTEM 


OPEN CYCLE GAS TURBINE 

parametric point no. 1 


ACCOUNT LISTING 


UN IT 


AMOUNT HAT S/UNIT TNS S/UNIT HAT COST»S 


PERCENT TOTAL DIRECT COST IN ACCOUNT 


9 = 


VAPOR GENERATOR t FIRED J 

^PEH^NT TOTAL DIRECT COST IN ACCOUNT ID : 


.DO .00 

.ODD ACCOUNT TOTAL»S 


.00 , 

.OOD ACCOUNT 


.00 

TOTALtS 


■tS INS 

COSTtS 

.00 

.00 

.00 

.00 

.00 


.00 

.00 


ENERGY CONVERTER 
11. 1 GAS TURB COMP SECT 
11. 2 gas TURB COMB SECT 
11. 3 GAS TURB TURB SECT 
11. 4 GAS TURB ENG AUX 

11. 5 GAS TU«3 generator 

11. 6 G T MUFFLER 8 COOLER. 
11. 7 GAS TURB ENG HISC ^ 

PERCENT TOTAL DIRECT COST 


51335.00 41GS8D0.0D 2D5340.DD 

153G5.0G 122920D.0D 614G0.0D 

108345.00 8667B00.00 433380.00 

163534.00 467240G.00 6S413G.00 

185500.00 8244800.00 742031.93 

9407C.0D 3762800.00 376280.00 

► a M.L, 96145.00 1098800.00 384580.00 

IN^ACCOUNT 11 =£2.802 ACCOUNT TOTALtS 31782400,00 2857207. ..4 


EA 

4.0 

1026700.00 

EA 

4.0 

307300.00 

EA 

4.0 

2166900.00 

EA 

4.0 

1168100.00 

EA 

4.0 

2061200.00 

EA 

4.0 

“40700.00 

EA 

4.0 

774700.00 


COUPLING HEAT EXCHANGER ^ 

^PERCENT TOTAL DIRECT COST IN ACCOUNT 12 = 


.00 *00 

.GOO account TOTALtS 


.00 

.DC 


,0G 

.00 


HEAT RECOUERY HEAT EXCH 


1 7 J ’ 1 RE f upfrator 8 Piping ea 4.d nsiioo.oo 262165. oo 

PERCENT TOTAL DIRECT COST IN ACCOUNT 13 =15.668 ACCOUNT TOTALtS 


7524400.00 

7524400.00 


1123660.00 

1125660.00 


HATER TREATMENT 

^PERCENT TOTAL DIRECT COST IN ACCOUNT 14 = 


.00 .00 

.000 ACCOUNT TOTALtS 


.00 

.00 


.00 

.DO 


l°i!^l StS“tSaNSFORHER KVA 38Z|31.1 

PERCENT TOTAL DIRECT COST IN ACCOUNT 15 : 


.00 .oo 

4.991 ACCOUNT TOTALtS 


AUXILIARY HECH EQUIPMENT 
16. 1 BOILER FEED PUMP SDR.KUE 
16-2 OTHER PUMPS KK£ 

16. 3 -HISC SERVICE SYS KHE 


.0 

.0 

136740.2 


^pehSent’^total^dIrec^^cost in“account is“= 


.00 «0D 

.88 .12 

1.17 .73 

4. DC .60 

.471 ACCOUNT TOTALtS 


2638523.56 

2698623.56 


.DO 

159906.07 

.00 

139986.07 


33972.47 

53972.47 


.00 

•an 

99820.37 

.00 

99820.37 


PIPE S FITTINGS 

{S".CCC.U»T 


3000.00 


1800.00 


^1?'"= .322 ACCOUNT TOTALtS 


180000.00 

180000.00 


1D800C.CO 

103000.00 
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Table 5.6 
Continued 

ACCOUNT NO. 8 make* 


OPEN CYCLE GAS TUREINE ACCOUNT LISTING 
PARAMETRIC POINT NO. 1 

UNIT AMOUNT hat S/UNIT INS S/UNIT HAT COST»S l.NS COST»S 


AUXILIARY ELEC EQUIPHENT 


13- 1 KISC HOTERStETC 

91160.2 

1.40 

,17 

127624.22 

15497.23 

18. 2 SHITCHGEAR 6 HCC PAN 

KHE 91160.2 

1.95 

.45 

1717762.30 

256622.07 

18. 3 C0NDUIT.CA3LES. TRAYS 

FT 200000.0 

1.32 

1.36 

2540D0.0G 

272000.00 

18. 4 ISOLATED PHASE BUS 

FT .0 

51D.P0 

450.00 

.00 

.00 

IS. S LIGHTING S COHHUN 

KHE 455300,8 

.35 

.43 

159530,27 

195394.33 

PERCENT TOTAL DIRECT COST 

IN ACCOUNT 16 : 

5,455 account 

total.s 

2268316.72 

740113.62 

CONTROL. INSTRUHENTATICN 

19. 1 COMPUTER 

EACH 1.0 

.00 

.00 

926400.00 

129896.00 

19. 2 OTHER CONTROLS 

EACH 1.0 

£0000.00 

3C.D0D.DC 

6DOOC.OO 

36000.00 

PERCENT TOTAL DIRECT COST 

IN ACCOUNT 19 = 

2,039 ACCOUNT 

TOTAL.S 

936400.00 

165696.00 

PROCESS HASTE SYSTEMS 

20. 1 

.0 

.00 

.00 

»D0 

.00 

PERCENT TOTAL DIRECT COST 

IN account 20 : 

.000 ACCOUNT 

TOTAL.S 

cOD 

.00 

stack gas cleaning 

21. 1 

.0 

r» 

V A. 

.00 

.00 

• 00 

PERCENT TOTAL DIRECT COST 

IH ACCOUNT 21 = 

.000 ACCOUNT 

TOTAL.S 

.00 

.00 


TOTAL DIRECT COSTS.S 


43130263.00 7036228.56 
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Table 5.7 


OPCK CYCLE GAS TURBINE SUHHARY PLANT RESULTS 


PARAMETRIC POINT 

total capital cost ,M5 

P GAS TURBINE COMPRESSOR 3ECT.H* 

L GAS TURBINE COHE BASKETS ,Mt 

A CAS TURBIfJE TURBINE SECTION .M* 

K MISC GAS TUREINE AUXILIARY tHS 
T GAS TURBINE GENERATOR .H* 

RECUPERATOR £ PIPING SYSTEM. M» 
R TOT MAJOR COMPONENT COST .MS 
E TOT MAJOR COHPONE.NT COET.l/KWE 
S BALANCE OF PLANT COST .5/KME 
U SITE LASCR .1/KKE 

L TOTAL DIRECT COST .1/KME 

T INDIRECT COSTS rS/KUE 

PROF S OWNER COSTS .t/KW£ 

B CONTINGENCY COST .l/KWr 

R ESCALATION COST .T/KWE 

E INT DURING CONSTRUCTION .t/KME 

A total capitalization .iykwe 
K cost OF elec-capital .MILLS/KWE 

0 COST OF ELEC-FUEL .MILLS/KWE 
C COST OF ELEC-OPSMAIN.MILLS/KWF 
M TCTAL COST OF ELEC .HILLS/KME 
N CCE C.5 CAP- FACTOR .MILLS/KWE 
COE 0.9 CAP. FACTOR .MiLLS/KWE 
COE I.2XCAP. COST .MILLS/KWE 
CCE 1.2XFUEL COST .MILLS/KWE 
rOE t CONTIN'GSNCYrO .MILLS/KWE 
COE TESCALATIONrCI .MILLS/KWE 


parametric POINT ’ 

P °^A3 ?URB?ft^ cSbpRCSSOR SEClt'IS 

L GAS TURBINE COMB BASKETS .Ml 

A GAS TURBINE TURBINE SECTION.Mt 

N HISC gas turbine AUXILIARY .Ml 
T GAS TURBINE CENIRATOR ,M1 

REC'JFERATCR S PIPING SYSTEM.Ml 

P TOT MAJOR COMPONENT COST .Ml 
E TOT MAJOR COMPONENT CCST.l/KWE 
S ^UiNcE OF PLANT COST .1/KWE 
U SITE LABOR .1/KWE 

L TOTAL DIRECT COS'' .1/KWE 

• INDIRECT COSTS .1/KWE 

PROF S OWNER COSTS .1/KWE 

E CONTINCEIICY COST .1/KWE 

n PSCALATION COST .1/KWE 

E JMT OuWnG cCNS‘'R'JCT 10K .1/KHE 
A TOTAL CAPITALIZATION . t/K WE 
K COST OF ELEC -CAPITAL .MILLS/KWE 
0 COST OF ELEC-FUEL .HILLS/KME 
0 COST OF ELEC-OPIHAIN.HILLS/KHE 

w total cost of elec .hills/kwe 
N CCE r.s CAP. rscToR .mills/kwe 
COE 0. 9 CAP. FACTOR .MILLS/KWE 
CCE 1.2XCAP. COST .MILLS/KWE 
CCE 1.7XTUEL COST .HILLS/KWE 
COE I CGNTINOENCYin .HILLS/KWE 
CCE (E SCALATIONzC) .MILLS/KWE 



1 

n 

3 


4 

5 

6 

7 

8 

7 

9-44 

SI. SB 

59 .15 

55.23 

55.59 

5P.43 

58.5* 

£7.26 


^107 

3.T21 

3.929 

4 

• 107 

9.269 

7.43C 

7.943 

8.398 

1 

*223 

.73R 

.891 


• 9C6 

.951 

• 996 

1 -CC2 

•38C 

D 

• 663 

C.C36 

G.57S 

6 

• 335 

7.213 

7.681 

7*978 

8.212 

9 

.534 

7.9CB 

8.112 

8 

•151 

8.C89 

7.8Z8 

7.4 EC 

7.C61 

a 

.24 5 

6. BBS 

8.809 

u 

• 844 

6.78C 

6.434 

6.101 

5.674 

7 

.£24 

• CCC 

.CCC 


•CCC 

.CCC 

• CDC 

•COO 

•CCC 

30 



25.2G2 

26 

• 945 

27 .297 

30,413 

30.474 

30 *37 5 

9S 

• 541 

07.123 

87.C7G 

GO 

•566 

9C.383 

1C8 *19C 

119 •864 

134 .2 71 

22 

.313 

2W.22S 

23.629 

23 

• S24 

23.699 

24.S0C 

25.826 

27.666 

17 

•ei3 

1E.E7C 

15,921 

15 

• 453 

15.639 

1C.773 

17.0C2 

XS .163 

139 

• 579 

126.977 

1ZS.125 

127 

.543 

13C.323 

149. 47C 

153,19Z 

181. 22C 

3 

•cae 

7.S71 

7.8C9 

7 

• 884 

7.976 

8.557 

9 .C79 

9 .773 

11 

• 174 

IC-1E8 

1C-C3C 

1C 

• 2C4 

1C .926 

11.353 

13.CS3 

14*498 

7 

.6 a? 

G.612 

£.792 

£ 

• 873 

7. CIS 

fl .CCS 

B.C75 

9 .545 

1C 

• Z3S 

1I.93C 

13.9S7 

19 

• 131 

19.393 

15.255 

17.4C1 

1 3.8B2 

17 

.255 

19 .G89 

19.722 

19 

• 3C8 

IS.lBl 

1 7.128 

IG .712 

19 afil7 

2C1 

.173 

1SC.S32 

179. S51 

1 81 

• 543 

135 .319 

211.374 

229.714 

253. 7lS 

C 

. 36C 

E.7C7 

G.67C 

r 

• 733 

5.858 

6.682 

7 .262 

8 .C2 D 

23 

• 486 

T5.779 

12. 117 

30 

• 131 

29.121 

28.317 

28.586 

29-597 

3C 

• 71C 

.715 

.715 


.715 

.715 

.715 

.715 

•715 

.561 

42.2C1 

18.529 

36 

• 64& 

39.8 99 

35.71C 

76.563 

38*333 

2Z 

• 534 

99 .C3B 

9C.356 

38 

.492 

37.577 

77.879 

30 .866 

40 *864 

29 

• 2S3 

9I.C4G 

17.379 

35 

• 484 

39.511 

34..T72 

35.116 

35.744 

31 

•673 

93.J9Z 

39.GB4 

37 

• 793 

36. SEE 

37.C46 

70.C1C 

39.937 

35 

.259 

99.357 

99.956 

4Z 

• 634 

91.519 

41.372 

42.281 

44 .252 

3C 

•27C 

91.99S 

38.273 

7£ 

• 387 

2S-931 

35.4CS 

26 .239 

37 .977 

3C 

• 005 

91.729 

13.C59 

36 

• 165 

5S.2r5 

35,157 

35.973 

37.693 


9 

1C 

U 

12 

IT 

14 

:s 

16 

r 

5 


l?lS7 






SSfS? 


• 893 

• 962 

1.CC7 

i 

• C 52 

1.C57 

1.C32 

• 94 5 

1 •ri7 

6 

• 333 

7.274 

7.575 

8 

• 032 

B.9C9 

8. sec 

e.28& 

8*771 

a 

.842 

8.356 

8.997 

8 

.738 

8.9C7 

a. Cl 5 

9 .569 

9 .76 C 

7 

• 553 

7.668 

7.658 

7 

• 447 

7.1C9 

6.702 

8.279 

3*466 


•CCC 

.crc 

.CCC 


•CCD 

.CCC 

.CDC 

• CCC 

.DCO 

28 

« ICC 

73.968 

29.951 

32 

-7SC 

32.929 

32.809 

31.007 

32*122 

ec 

.194 

8C.952 

82.95C 

95 

.325 

1C2.39C 

111 .295 

78.C98 

78 .499 

21 

.947 

:i.75l 

21.75C 

22 

• 156 

22.382 

23.902 

2C.713 

20.441 

14 

.487 

14 *448 

19.53C 

15 

.3X7 

15.925 

16.729 

13.945 

13 ,865 

116 

.626 

U7.131 

118.710 

132 

.793 

191,197 

191.872 

112.759 

112.0D4 

7 

• 386 

7.3C9 

7.91C 

7 

• 812 

8.122 

8,529 

7.112 

7 *0 71 

9 

• 3 3C 

3.37C 

9.9 98 

1C 

• 624 

11.296 

12.150 

9*C21 

9.024 

E 

*354 

C.392 

6.978 

7 

.224 

7.E91 

8.169 

E.2C4 

6 *222 

13 

• 265 

13.39C 

1S.SS3 

15 

• 014 

1S.7SC 

16.699 

13,146 

13.222 

It 

•C4 3 

14.159 

19.391 

IS 

• 867 

xc.Bze 

17.ES7 

13«922 

14 *008 

16 7 

• Q3C 

1C7.811 

17C.02C 

189 

• 339 

20C.639 

219.921 

162.1S3 

162.351 

r 

•2dC 

C.3C5 

5-375 

c 

.985 

£.392 

C.799 

5 .126 

5*172 

ll 

.758 

29.7C6 

28.531 

27 

.446 

27.268 

27.635 

31.555 

29«4JC 


.715 

.715 

.715 


.715 

.715 

.715 

.715 

•715 

37 

.753 

’*i.7rs 

19.621 

34 

.146 

39 .326 

35.195 

37.396 

35*278 

39 

.462 

37,442 

36.358 

38 

• C67 

2C.3S9 

37.358 

3S .C58 

36 «942 

3G 

• 67 3 

34a 646 

33.528 

32 

• 939 

T3.0S2 

33.836 

36.350 

34,23 0 

76 

•6C 9 

I6.787 

35.696 

35 

• 343 

35i.595 

36.554 

38 *422 

36 *3C4 

44 

• ICC 

41.667 

9C.327 

39 

• 635 

39.78C 

90.732 

43.7C7 

41«X64 

77 

• tl3 

75.464 

39,376 

33 

• 874 

30.C38 

39.888 

37 .161 

35 ■041 

37 

• 3C 1 

35.270 

19.159 

33 

• 63S 

3B.79C 

39.629 

36,347 

34.82 6 
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unit measure and quantity for each item, followed by the unit cost and 
unit installation cost, and finally the total equipment and installation 
cost. At the end of each account section is listed the percent of the 
total equipment and installation cost contained within that account. 

Similar cost tabulations were provided to NASA Lewis Research 
for the remaining parametric points. Only the summary sheets are included 
here as Table 5.7. In this tabulation, major component (e.g., gas tur- 
bine compressor, combustor, turbine section, etc.) total direct material 
costs are itemized for each parametric point. Additional information 
tabulated includes those remaining costs going to make up the total plant 
cost. 

These are each expressed on a dollar per kilowatt basis. Note 
that line 1, "Total Capital Cost." for each point expresses the total 
cost on a straight dollar basis for the categories making up the total 
plant cost, namely the costs of; 

• Total direct major component material 

a Balance of plant direct material 

• Site labor 

e Indirect expenses 

• Professional services and ownership costs 

■ Contingency 

• Escalation 

• Interest during construction. 

Cost of electricity data for each parametric point are given in this tabu- 
lation and list the breakdown with respect to capital, fuel, and operating 
and maintenance costs; as well as the effect of selected parameters on the 
cost of electricity. 



Table 5.7 
Canclnued 


OPEN 7YEL£ 3AS TU^SINE 5U*!HAar. PLANT NE5ULTS 


PAPAHETPIC POINT 

17 

15 

19 

20 

21 

22 

23 

24 


TOTAL capital Cost ,h$ 

G5.73 

7C.55 

7C.29 

£9.44 

7r.E9 

73.28 

74 .85 

0C»52 

P 

GAS TUnaiKE TOPPRuOSOR SECTfNS 

R.2B4 

7.43C 

7.943 

3.398 

J#339 

4 .1C7 

4 .264 

7 .430 

L 

GAS TURBINE CCH8 BASKETS iKi 

1.C83 

1.1C9 

1.113 

1.C8S 

1*C22 

1.C99 

1 .147 

1*194 

A 

GAS TURBINE TUPOINE SECTION.N* 

7.02R 

8.471 

3.820 

9.098 

S-7G9 

9.307 

9*724 

1G*412 

N 

flISC SAE 7UBEIKE AUXILIARY tKt 

9.8C7 

9.674 

9.373 

9. CIS 

1C.64C 

1C .949 

11 *CB? 

11 *067 

T 

BAS TUR3’ hi GENERATOR tMi 

3.513 

3.383 

8.039 

7.723 

3.32G 

9.614 

9.741 

9*726 


RECUPERATOR 8 PIPIKC SYSTEPfP? 

-CEC 

.CCC 

.CCC 

.CCC 

• CCC 

•ccc 

•CCC 

*CCC 

P 

TOT NAJOR component COST ,NT 

31.571 

75.088 

35.342 

35,322 

;3.&8C 

35.CT6 

35.959 

39.B30 

t 

TOT MAJOR COMPONENT COST.l/KWE 

7t.828 

38.887 

91.816 

97.681 

7:*712 

72. ace 

73.422 

81 *4B5 

S 

BALANCE CP PLANT COST .T/KWE 

2C.331 

2C.5S8 

21.009 

21.821 

19.391 

19.C83 

18.958 

13*973 

D 

SITE LABOR .S/KHE 

12.7EC 

14,331 

14.725 

15.245 

12.13C 

12.C86 

13 .C73 

13*481 

L 

TOTAL DIRECT COS* ?»/KHE 

lie, 780 

121.785 

127.582 

134.527 

1C5.237 

1C4.979 

1C5.452 

113.939 

T 

INDIRECT COSTS fX/KRE 

7.C13 

7.309 

7.515 

7.775 

€.7?C 

6. 671 

6.667 

6 *875 


PROF 8 OWNER COSTS tt/KWE 

6.381 

9.743 

10.205 

1C. 782 

9.424 

e.398 

9.43C 

9*115 

L 

CONTINGENCY COST tl/KWE 

8.112 

F.71C 

7.002 

7.348 

5.S6& 

5.067 

5.9CI 

6*375 

t? 

ESCALATION COST lO/KWE 

1-T.CCG 

14.ZC8 

14.734 

15.344 

12.64& 

12.698 

12.791 

13*762 

E 

INT DURING CONSTRUCTION tS/KH£ 

13-781 

1E.C48 

15.597 

18.227 

12.422 

13 .486 

13.530 

14 .641 

A 

TOTAL CAPITALIZATION rt/«HE 

153.532 

174.801 

132.814 

1 91 , 992 

192.386 

1S2.1G3 

192.836 

164*728 

K 

COST OF ELEC-CAFTTAL ►HILLS/KHE 

T.CR3 

5.528 

5.773 

e.OES 

4,ei7 

4 .800 

4 *871 

5.2C7 

D 

COST OF ELEC-FUEL .HILLS/KME 

28,173 

28.888 

25.511 

28.590 

31 .454 

79.255 

2 7.912 

26-471 

0 

COST OF ELEC~OP8“ArNtKILLS/KHE 

.715 

.715 

.715 

.715 

.711 

.715 

• 715 

*715 

u 

TOTAL COST OF ELEC «HILLS/KHE 

33. 338 

23.1JC 

32.9 99 

33.375 

.7S .987 

34 .779 

33.459 

32.394 

K 

COE C.5 CAP. FACTOR .KILLS/KWE 

25.574 

74.912 

34.055 

3E.32C 

28.1FC 

3C.346 

35 .C33 

34 .cai 


COE D.3 CAP. FACTOR .HILLS/KWE 

32.3CS 

32.008 

31.831 

32.151 

75.998 

73.792 

72.467 

31.332 


COE 1.2XCAP. COST .HILLE/KHE 

34,945 

34.235 

34.154 

34.588 

27.95C 

3E.741 

34 .425 

33 *435 


COE 1.2XFUEL COST tKILLS/KKE 

39.572 

36.507 

33.301 

38.8 93 

43.277 

4C.63C 

39.041 

37*668 


COE tCONTINBENCY=Cl .MILLS/KWE 

33.7C4 

32.875 

32.734 

33.C97 

3E.7C3 

34.555 

33 .233 

32 *150 


COE lESCALATEONori .HILLS/KME 

33.492 

32.844 

32.498 

32.851 

36.594 

34.344 

33.021 

31 .322 

PARAPEIRIC POINT 

25 

25 

27 

23 

29 

30 

31 

32 


TOTAL CAPITAL COST .HS 

78.89 

78.14 

64 .2'7 

87.14 

6S.C3 

66.47 

71*62 

72*99 

r 

GAS TURBINE COMPRESSOR SECT.RS 

7,94.1 

8.398 

3.721 

3.929 

4.1G7 

4.264 

3.929 

4.107 

L 

GAS turbine CCHB BASKETS »MS 

1.198 

I.IES 

.938 

1.C50 

2.12C 

1 .167 

1.102 

1.175 

A 

CAS TURBINE TURBINE SECTION. HS 

9.413 

3.718 

8.008 

£.504 

6 .872 

7.157 

6.799 

7*197 

U 

HISC GAS TURBINE AUXILIARY .MS 

1C .842 

10,517 

7.728 

7.948 

6.CC5 

7.961 

8 .64r> 

8*771 

T 

GAS TURBINE GENERATOR .MS 

9.512 

9.202 

6.3 99 

8.832 

6.691 

6.646 

7.34d 

7*481 


recuperator s piping system. ms 

.ccc 

.CCC 

7.335 

7.4CC 

6.17S 

6.168 

7.439 

7-4 75 

5 

TOT MAJOR component COST .MS 

33.908 

73.998 

32.129 

33.464 

72.974 

33-362 

35.297 

36«2C6 

C 

TOT KAJOP- component C0S7.S/KWE 

31.874 

85.597 

118.900 

111.145 

112 .ce 2 

114*566 

104 .504 

1C4 *726 

s 

Balance of plant cost .$/kme 

19.191 

19.528 

28.539 

25.217 

2S.666 

29.BC2 

24*625 

23*697 

u 

SITE LABOR .S/KWE 

12.581 

13.339 

20.941 

19.931 

19.816 

2C.CC4 

19.058 

18*831 

L 

total oirect cost .S/KWE 

114.846 

119.012 

184.429 

156.292 

197.964 

18C.371 

148.267 

147*254 

T 

INDIRECT COSTS .S/KWE 

e.928 

7.084 

10. BBC 

1C.1E5 

ir.icc 

1C .202 

9.719 

9*604 


PROF 8 OWNER COSTS .S/KWE 

9.172 

9.521 

13.154 

12.503 

12.6C5 

12.330 

XI .861 

11*780 

0 

CONTINGENCY COST .S/KWE 

E.4EC 

6.621 

8.791 

3.415 

6.468 

8.EX2 

6*054 

8 *014 

P 

escalation COST .S/KWE 

13.795 

14.197 

17.921 

17.179 

17.381 

17.649 

16.796 

16.757 

t 

INT CURING construction .S/KWE 

14.648 

15.065 

18.879 

19.278 

18.326 

28.608 

27*747 

17 *711 

A 

TOTAL capitalization .S/KWE 

185. SS7 

171.499 

233.854 

222.932 

224 .452 

228.272 

212*446 

211*12 0 

K 

COST OF elec-cafital.kills/kwe 

5.235 

5.421 

7.393 

7.049 

7.C95 

7*226 

6*716 

8*674 

D 

GOST OF ELEC-FUEL HILLS/KME 

25.384 

25.742 

25.208 

75.179 

25.757 

26.742 

24 .151 

24*357 

C 

COST OF ELEC-0F6MAIH.HILLS/KWE 

.715 

.715 

.715 

.715 

.715 

.725 

.715 

• 715 


TOTAL COST OF ELEC .HILLS/KHE 

31.334 

’1.379 

33.316 

32.944 

33.567 

34.674 

71 *582 

31.746 

N 

CCE C- E CAP. FACTOR .HILLS/KWE 

33.529 

23.870 

35.858 

35.183 

21.821 

26 *964 

33*722 

33*673 


COE 0.8 CAP- FACTOR .HILLS/KWE 

3C.767 

70.777 

31.844 

31.538 

32.152 

73.236 

3C.238 

30 *U0 9 


COE 1.2XCAP. CCET .KILLS/KWE 

21.831 

22.963 

34.794 

34,353 

24.9BG 

2E.II7 

32*926 

33 *081 


goe i*3MLugl cost^ .hills/kwe 

37.C11 

77.027 

38.357 

37.979 

38.719 

40.C23 

36*413 

38 *617 


CCE t CONTINGENCY = r> .HILLS/KWE 

31.5SC 

31.E2E 

32.938 

32. £27 

33.249 

34.35C 

31 .278 

3] -443 


COE IE SCALATIONrDl .MILLS/KWE 

31,382 

31.393 

32.707 

32-354 

32*976 

34 .0 74 

3X*C1D 

31 *175 


pT?75p-''-'"iT' 
iV- i-i- ^ • - 
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Tabli* 5.7 
Co).itlnued 


OPCN CYCLE GAS TURBINE SUHHARY PLANT RESULTS 


parametric point 


33 

34 

3S 

26 

37 

33 

33 

40 


TOTAL CAPITAL COST 


72. 3C 

76.25 

78.66 

78.93 

87. SS 

81 .8C 

30.56 

92.74 

p 

GAS turbine CONPRE 

SSOP 

R .2BR 

7.43C 

3.929 

4 .264 

7.430 

71.943 

3.923 

4.107 

L 

GAS turbine COKG baskets tPS 

1.222 

1.273 

1.1E2 

1.2 79 

3.22C 

1 .338 

1.231 

1 .311 

A 

GAS TURBINS TURBIN 

S SSCTICN»H* 

7.3C7 

8.C3C 

9.174 

7.842 

9.4C5 

8.772 

8.631 

9.177 

K 

msc GAS TURBIWE AUXILIARY «KS 

e.782 

8.615 

9.326 

9.BC2 

5.515 

9.2 6C 

IE .332 

10.657 

T 

GAS TURBINE GENERATOR tN» 

7.R92 

7.322 

6.C30 

8.312 

9.226 

7.973 

3.023 

9.336 


RCCL'PEPATCR £ PIPINC SYSTCP»KJ 

7.47S 

6.226 

8.331 

7.542 

7.519 

E.2 77 

11 .851 

11.426 

n 

ToT MAJOR COMPCfiENT 

COST eMl 

2G. 7RC 

78.836 

33.010 

38.842 

42.423 

41.562 

44.997 

46.014 

z 

TOT 1‘AJOR COMPONENT 

COST.l/KWE 

ICL.CGG 

115.956 

1C2.229 

97.3C9 

1C7.777 

lie. 116 

101 .245 

99 .125 

s 

balance CF PLANT COS 

I .S/KWE 

21.674 

24.044 

22.658 

22.216 

27. JSC 

22.768 

21.233 

20.863 

u 

SITE LABOR 

fl/KME 

18. BBS 

19.2C7 

18.269 

17,654 

18.247 

18.268 

18.268 

17.B2C 

L 

TOTAL direct COST 

•S/KUE 

143.825 

153.2C7 

143.256 

1 37.179 

148.373 

151.151 

140.745 

137.809 

T 

INDIRECT COSTS 

tJ/XHE 

S.G32 

9.795 

9.368 

9.CC2 

9.3CE 

9.316 

9.317 

s.cae 


PROP 8 OWNER COSTS 

.t/KWE 

11-93C 

12.727 

11.46C 

1C. 374 

1 1 .87C 

12.C92 

21.260 

11-025 

B 

CCHTINSENCr COST 

.* /KHE 

8.C9CS 

B.644 

7.8ES 

7.551 

S.ISO 

8.294 

7.815 

7.678 

n 

ESCALATION COST 

.S/KME 

16.914 

17.96C 

16.610 

16.043 

17.265 

17.4 34 

16.804 

16.585 

z 

INT DURING CONSTRUCT 

ION .I/KWE 

17.877 

18.973 

17.586 

16.991 

18.282 

18.450 

17.826 

I7.6C5 

A 

TOTAL CAPIIALIIATION 

.T/KHE 

213. Die 

227.316 

2P6.132 

1 97.743 

213.255 

216,728 

20 3. 766 

199.790 

K 

COST OF ELEC-CAPITAL 

♦HILLS/KHE 

E .724 

7.166 

6.516 

6.251 

C.7R1 

E .851 

6 .441 

6.316 

0 

COST OF ELEC-FUEL 

.HILL3/KWE 

24.36C 

26.799 

23.524 

23.840 

25.094 

26.323 

23.035 

22.728 

0 

COST OF ELEC-OPSMAIN 

.KILLS/KWE 

.715 

.715 

.715 

.715 

.715 

.715 

.715 

.715 

w 

TOTAL COST OF ELEC 

tHILLS/KME 

32.4C3 

T4.7CC 

30.755 

30.806 

32-5S1 

34.39C 

30.192 

29.760 

N 

COE C.E CAF. FACTOR 

.WILLS/KHE 

24.554 

76.981 

32.835 

32.8C6 

74.698 

36.570 

32 .249 

31 .779 


COE G.3 CAP. FACTOR 

• HILLS/khE 

31.C51 

23.268 

29.448 

23-549 

31.2C1 

33.020 

28.899 

79.490 


COE l.CXCAP. COST 

.MILLS/KME 

22.756 

76.128 

32.C53 

32.056 

32.839 

75. TEC 

71 .4SC 

31 .023 


COE 1.2XFUEL COST 

.KILLS/KWE 

37.4C1 

4C.06C 

TS.4GC 

35.574 

37.S69 

33.755 

34.799 

34.305 


COE ( COHTINGFNCYlC 1 

.HILLS/KHE 

22.104 

74.374 

3C.458 

3C.S2C 

32.241 

34.C7C 

29.894 

29.4E7 


COE tESCALATIONrCI 

.KILLS/KHE 

31.332 

34.088 

3C.139 

30.2S8 

31.9S1 

33.795 

29.617 

29.192 


PA^AHET^IC POINT 

m 

42 

43 

44 

45 

46 

47 

48 


TOTAL capital cost .ks 

89. aa 

94. eg 

92.43 

91 .95 

75 .16 

76 .42 

7P*89 

eo.ee 

P 

GAS TUR3INC COMPRESSOR SECT, 4* 

4*284 

7.430 

7.943 

8.398 

3.923 

4.107 

H *264 

7,430 

L 

GAS turbine COKS BASKETS ,K» 

1.383 

1.415 

1.421 

1.333 

1.1E2 

1.23C 

1*279 

1 •330 

A 

GAS TURBINE TUROIKE SECTION, Kt 

9*603 

1C. 312 

9.344 

9.664 

8-179 

B.673 

7*846 

8.40 7 

N 

MISC GAS TUREINE AUXILIARY ,HS 

1C *813 

1C. 844 

ic.esa 

1C .39C 

9.339 

S.54E 

0*611 

3.520 

T 

GAS TURBINE GENERATOR ,KR 

9*484 

9. SIS 

9.346 

9.079 

8.C51 

8.256 

0-321 

8.230 


HECUPEPATOR £ PIPING SYSTEKtK* 

6*663 

7.627 

7.583 

7.512 

E.232 

5.6 58 

5-6 76 

5.652 

R 

TOT MAJOR component COST ,M* 

44.13C 

47.144 

46.305 

46.436 

36.384 

37.470 

36.096 

40.S7C 

t 

TOT MAJOR COMPONENT COST, S/KME 

93.3D7 

9S.141 

99.606 

IC3.BS9 

St. 443 

94.717 

02*556 

1C2.S7S 

S 

3ALANCE OF PLANT COST , S/KME 

2C.698 

20.665 

2C.843 

21.165 

22.635 

22.302 

22*202 

22.343 

U 

SITE LABOR .l/KME 

16 .676 

16.8SC 

17. CCS 

17,374 

17.EC2 

17.C9C 

1C. 941 

17.528 

L 

TOTAL DIRECT COST rS/KWE 

I3r*a4i 

136.696 

137.457 

142.103 

136.581 

174.115 

131 *809 

142. 85C 

T 

INDIRECT COSTS .5/KWE 

6*666 

8.614 

8.674 

S.8E1 

8.326 

8.713 

B.54C 

8.9 39 


PROF 8 OWNER COSTS , S/KME 

1C.4G7 

1C. 936 

1C. 997 

11,376 

1C-92B 

10.729 

1C*036 

11.428 

D 

CONTINGENCY COST ,S/KME 

7.3C2 

7.631 

7.G6C 

7.9CC 

7.433 

7.377 

7.25D 

7.SES 

R 

ESCALATION COST ,t/KHE 

15.802 

16.486 

16.5C8 

16.948 

15.842 

1S.6S1 

15*406 

16.623 

Z 

INT DURING CONSTRUCTION , S/KME 

1C. 779 

17.606 

17.524 

17.9 8C 

16.760 

16.573 

XC.317 

17.6C2 

1 

TOTAL CAPITALl 2ATI0N ,J/KME 

139. 77S 

107.869 

198. 82C 

205. 253 

196.SJS 

193.164 

1 39*848 

205.298 

K 

COST cr ELEC-CAFTTAL .MILLS/KME 

£ *999 

c.rsr 

6.285 

G.4P9 

6.713 

6.106 

-P&S 

C.49C 

0 

COST OF ELEI-FUEL , MILLS/KME 

22.322 

23.586 

24,696 

2C-C74 

24.643 

24,523 

24 .407 

25.381 

c 

COST OF elec-opsha:(.»hills/kme 

.715 

.71E 

.715 

.715 

.715 

.715. 

.715 

.715 

w 

TOTAL COST OF ELEC- ,KILLS/KHE 

29.537 

36. 557 

31.696 

33.279 

31,576 

31.145 

31 .174 

32.586 

» 

COE C.5 CAP. FACTOR .HILLS/KHE 

71.461 

72.558 

33.7G6 

35.350 

33.SE4 

33.102 

33.009 

34.658 


COE 0.3 CAP. FACTOR , MILLS/KME 

28.326 

29.299 

3C.4 32 

31.977 

70.326 

29.915 

29.064 

31 .284 


COE 1.2XCAP. COST ,MILLS/KME 

3C.736 

71.8C8 

32,953 

34.576 

72.813 

32.366 

32 *375 

33.884 


COE 1.7XFUEL COST , MILLS/KME 

54.101 

75.274 

36.635 

38.494 

76.SCS 

36.010 

36-C65 

37.662 


COE f CDNTINEENCY = C 1 .KILLS/KWE 

29*2re 

7C,2C: 

7I.4C4 

32,978 

71.292 

30.865 

3C *609 

32 .288 


COE lESSALATIDNin .MILLS/KME 

28*996 

7 9.992 

31.131 

32.699 

31.035 

30.611 

30.648 

32.019 
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Table 5.7 
Continued 


OPCN CYCLE GAS TURBINE 50MHASV PLANT RESULTS 


PARAMETRIC POINT 


A3 

50 

51 

52 

53 

54 

55 

56 


total capital cost 

tHS 

79.32 

88.69 

88.12 

87.63 

92.66 

88.79 

79.30 

80.02 

P 

BAS turbine COMPRESSOR SECTtMJ 

7f343 

3.923 

4-107 

4.264 

7. 4 SC 

7.943 

3.929 

4.10 7 

L 

GAS TURBINE COMB BASKETS •M* 

1.333 

1.1E3 

1.230 

1.279 

1.330 

1.238 

1.153 

1.23 0 

A 

GAS TURBINE TURBIN 

I SECTION.HJ 

8.772 

8.168 

8.662 

7.838 

8.403 

8.771 

8.195 

8.689 

rj 

KISC GAS TURBINE AUXILIARY .M$ 

B.2B1 

3.313 

9.E24 

9.594 

3. SIC 

9.280 

9.373 

9.580 

T 

GAS TURBINE GENERATOR fMS 

7.374 

3.025 

8.234 

8.303 

8.220 

7.972 

8.085 

8.290 


recuperator S PIPI 

HO SYSTEM tM» 

A.TBZ 

14.432 

12.798 

12.816 

12.794 

1C .498 

8.600 

7.7E5 

R 

TOT MAJOR COMPONENT 

COST fMS 

RC.0B8 

45.081 

44.5SE 

44.094 

47.888 

45.781 

39.336 

39.601 

Z 

TOT MAJOR COMPONENT 

CCSTfS/KME 

1CG.147 

118.384 

113.026 

110.623 

123.245 

321 .307 

102 .26 7 

99.56 0 

s 

BALAr^CE OF PLANT COST *$/KUE 

22.767 

22.679 

22.336 

22.229 

22.359 

22.770 

22.579 

22.24 9 

u 

SITE LASCH 

t1/KUL 

17.672 

20.792 

19.840 

13.650 

20.265 

19.946 

18.380 

17.626 

L 

TOTAL DIRECT COST 

»S/KW£ 

146.336 

161.855 

155.202 

152.502 

163.869 

164.023 

143.225 

139.634 

T 

INDIRECT COSTS 


9.C13 

10.6C4 

10.118 

10. 023 

IE. 235 

10 .173 

9.374 

9.091 


PROF 8 OWNER COSTS 

tS/KWE 

11.727 

12.948 

12.416 

12.200 

13.110 

13-122 

0.989 

11.458 


C 

CCNTINGENCY COST 

rl/KNE 

8.033 

8.876 

8.535 

8.394 

9. CIO 

7.861 

Q 

ESCALATION COST 

it/KUE 

16.306 

18.761 

13.102 

17.832 

19.071 

18.925 

16.632 

16.313 

c 

INT SURINO CCNSTRUCTICK frl/KUC 

17.831 

19. BEG 

19.168 

IS. 885 

2C.I94 

20.027 

17.605 

17.276 

A 

TOTAL CAPITALIZATION 

»$/KUE 

21C.1S6 

232.900 

223.642 

219.834 

235.588 

235.258 

206.154 

201.169 

K 

COST OF ELEC-CAPITAL »MIILS/KWE 

£.644 

7.362 

7.067 

6.943 

7.447 

7.427 

6.517 

G.359 

D 

COST OF ELSC-FUSL 

fMILLS/KWE 

26.848 

22.390 

72.641 

23.216 

24.799 

26.799 

27.387 

23.375 

0 

COST OF ELEC-OP8MAIN.MILLS/KHE 

.715 

.TIE 

.715 

.715 

.715 

.715 

.715 

.715 

u 

TOTAL COST OF ELEC 

tMILLS/KWE 

34.207 

30.468 

30.4 23 

30.831 

32.962 

34 .951 

3C.62C 

30.450 

N 

COE E.5 CAP. FACTOR 

tKILLS/KRE 

3E.32 4 

12.801 

32.66B 

33.030 

25.321 

37.307 

32 .699 

22 .4 92 


COE 0.3 CAP. factor 

fKILLSPKHE 

22.370 

23.002 

19.013 

29.492 

31.4 80 

33.4 72 

29.312 

29.172 


COE 1.2XCAP. CeST 

fKILLS/KWE 

3E.S3S 

31.94C 

31.837 

32.271 

34.452 

30.439 

71.923 

31.722 


COE l.CXFUEL COST 

fMILLS/KWE 

33. 376 

34.946 

34.952 

3E.S24 

37.922 

40.311 

35.297 

35.125 


COE tCCNTINGENCYrCI 

fMILLS/KHE 

33.302 

30.131 

3C.1CC 

30.562 

32.620 

74.611 

20 .322 

30 .156 


COE lESCALATIOHrC) 

fMILLS/KWE 

33.630 

23.823 

29.805 

70.272 

32.311 

34.306 

30.052 

29.893 


PARAMCTRIC POINT 


57 

58 

59 

60 

GL 

62 

63 

64 


TOTAL CAPITAL CCST 

fPt 

79.49 

84.49 

82.28 

78.11 

78 *94 

78.44 

83.47 

61.38 

P 

OAS TUSSINE COHPPr 

SSOR SECT.iS 

4.264 

7.43C 

7.943 

3.979 

R.1C7 

4.264 

7.430 

7.943 

L 

GAS rURBIKC CCHB BASKCTS tl^S 

GAS TURaiNS tu??3:hc section*ns 

1.279 

1.32C 

1.33B 

1 .1 53 

3.Z3C 

1.279 

1.330 

1.338 

A 

7.3SC 

0.422 

8.786 

8.152 

B.64G 

7.824 

8.388 

8.755 

N 

wise SAS TURBINE AUXILIARY 

9.647 

9. EEC 

9.299 

9.278 

S*AS9 

9.ESB 

9.474 

9.222 

T 

GAS TURBINE OENIRATO^ 

3.35!: 

a. 266 

B.OlZ 

7.391 

8.20C 

8.269 

8. 185 

7.934 


recuperator S PIPI 

KC SYSTEM fMS 

7,722 

7.698 

6.422 

8,231 

7.385 

7.402 

7.381 

6 .164 

P 

TOT Major cohponpnt 

COST fMS 

39.128 

42.7C3 

41.801 

78.714 

33.057 

38.598 

42.188 

41.356 

E 

TCT MAJOR COMPCNENT 

COSTtl/KWC 

97.353 

1C7.771 

11C.C2B 

102.309 

99.G3E 

97.371 

107.868 

1IC.295 

£ 

2ALANCE or PLANT COS 

T fX/KWE 

22.149 

22.286 

22.702 

22.737 

22.392 

22.283 

22.416 

22.836 

U 

SITE LABOR 

fi/KWE 

17.664 

18.256 

18.267 

18.377 

X .828 

17.659 

16. 

18 .282 

L 

total direct cost 

INDIRECT COSTS 

>S/KW£ 

137. IBG 

148.313 

15C.994 

143.422 

1 3 - .354 

137.313 

14P.^97 

151 .413 

T 

fS/KWE 

9.CC8 

9.31C 

9.316 

9.372 

s.ccr 

9.C0C 

5.309 

9.324 


P*ROr 5 owner costs 

.X/KKE 

1C. 973 

11.365 

12.079 

11.474 

11.188 

10.985 

11.805 

12.113 

C 

CONTINGENCY COST 

tf/KWE 

7.SSS 

6.159 

8.279 

7.862 

7.88B 

7.5SS 

fi .164 

8.294 

P 

escalation cost 

fS/KWE 

16.C63 

17.230 

17.439 

16.804 

18.292 

16. CIS 

IT. 264 

17.442 

z 

INT DURIKC CCNSTRUCTIOK fS/KWE 

17.C14 

18.3CC 

IS. 456 

17.571 

17.2F1 

1C. 984 

18.279 

18 .456 

A 

total capitalization 

t*/KW£ 

197. T8C 

213.228 

216.562 

206.305 

201.355 

197.890 

211.458 

217.042 

K 

COST CF ELEC-CAPITAL iKILLS/KHE 

E.2S2 

6.741 

6.84C 

£ .522 

E/.2G6 

E.Z55 

E .748 

6.861 

D 

COST OF ELEC-FUEL 

fMILLS/KWE 

23.719 

24.974 

76.6 94 

23.659 

23-GC5 

23.996 

25.215 

26.954 

C 

CC3T OF ELEC-OPSHAIN 

ItHlLLS/KWE 

.715 

.715 

.715 

.715 

.711 

.715 

.715 

.715 

W 

total COST OF ELEC 

fMILLS/KWE 

30.686 

32.43C 

34.256 

30.893 

3C.SQG 

30.926 

32.678 

34 .53 0 

U 

COE 0.5 CAP. FACTOR 

tHILLS/KHE 

3E.687 

34.576 

36.434 

32.974 

32.12C 

32.928 

34.827 

36 .713 


COE 0.8 CAP. FACTOR 

fMILLS/KWE 

29.929 

31.CBC 

32.887 

29.534 

29.4C7 

29.668 

31.328 

31i.lSa 


COE 1.2XCAP. COST 

fMILLC/KKE 

21 .937 

33.778 

35.625 

32.197 

31.919 

32.177 

34.028 

35.302 


COE 1.2XFUEL COST 

fMILLS/KWE 

35.43C 

37.424 

39.5 94 

39.524 

35.407 

35.718 

37.721 

39.921 


COE ( CONTINCENCYnO) 

fMILLS/KWE 

3C .4CC 

32.12C 

73.942 

3C.595 

3C.394 

30 .640 

32.369 

34.216 


•■CE lESCALJTIONtri 

.KILLS/KUE 

3C.138 

’1.84C 

33.6 61 

3C.326 

3C.13C 

30.379 

32.089 

33.33 5 




■ i .n:Y THE 
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■table 5.7 
Continued 


OPlN CrCLE CAC lUPBINE EUH.VARy PLANT REEUUS 


PA^AKCTRIC POINT 

'CTAL CAPITAL CCST t“» 

P OAS T'JRBINE COMPRESSOR SECTt“t 

L OAS TCPBINE COPE BASKETS .Pt 

A CAS TUR3INE TUP3IK; SECTION, Ht 

H KT5CGAS turbine AI’XILIART tPi 
T EA5 TURBINE OEN'ERATCR .NS 

RECUPERATOR S PIPINC SySTE“,“l 

A TOT “SJOR CONPSNFNT COST i'll 
E TOT PAJCK CCPPCSENT COST.l/K'rfE 

s balance cf plant cost ,s/kwe 

U SITE LABOR 
L TOTAL DIRECT CCST 
T IKCIRECT COSTS 
OROF S owner COSTS 
CONTINOENCY COST 


R ESCALATICN COST 


,1/KWE 

.t/KWE 

,4/ltWE 

,S/KW£ 

,1/KWL 

,J/KWE 


E INT CURINC CONSTRUCT ION ,S/KWE 
A TOTAL CAPITALIZATION ,$/KWE 
K CCST OF ELEC-CAFITAL iHILLS/KWE 
0 COST OF ELEC-FUEL .HILLS/KWE 
0 COST OF ELEC-OPSHAINtHILLS/KHE 
H TOTAL COST 0^ ELEC .HILLS/KWE 
N COE C.S CAF. FACTOR ,HILLE/K'WE 

COE 0.5 CAP. Factor .hills/kwe 
COE 1.2XCAP. cost , hills/kwe 
COE 1.2XFUEL COST , HILLS/KWE 
COE tCONTINGENCYnC » .HILLS/KWE 
COE TESCALATIONoCl .HILLS/KWE 


PARAHETRIC POINT 

YCTAL capital cost ."S 

P CAS turbine compressor SECT.Ht 

L OAS TURBINE COHB BASKETS ,HS 

A GAS turbine turbine section.ms 

N HISC GAS TURBINE AUXILIARY .HI 
T GAS TURBINE GENERATOR .Hi 

RECUPERATOR S PIPING SYSTE‘'.HJ 

R TOT “AJOR CQHP3NENT COST ,Nt 
E TOT HAJOP CCHPONENT cCST.l/KWE 

5 Balance cf plant cost .s/kwe 

U SITE LABCR .J/K-WE 

L TOTAL DIRECT COST .1/KWE 

T INDIRECT COSTS .1/KWE 

OROF S OWNER COSTS .i/KWE 

C CONTINGENCY COST ,1/KKE 

R ESCALATION COST ,t/KH£ 

E INT DURING CONSTRUCTION ,1/KWE 
A total CAPITALIZATION ti/KWE 
K COST OF ELEC-CAFITAI .NILLS/KWE 
0 COST OF elec-fuel .HILLS/KWE 
0 COST CF ElrC-OPEHAIt,. HILLS/KWE 

.. ,Kri^S_i/KWE 

.HILLS/Kwr 

• HILLS/K'JE 
.HILLS/KWE 
, HILLS/KWE 
.HILLS/KWE 

♦ HILLS/KWE 


w total co?;*r of 

ELEC„ 

M cot 

CmZ CAP. 

FACTCR 

CCE 

D. 3 CAP. 

FACTOR 

COE 

l.ZXCAP. 

COST 

OCE 

l.CXFUCL 

COST 

CCE 

« CCNTINCTNCVrCl 

COE 

(Escalat: 



£5 

65 

G7 

63 

69 

7C 

71 

72 


91. “C 

3R.SE 

85.15 

99 .PJ 

ICI .C3 

9A.SA 

92.63 


6.416 

G.WBG 

6.5 72 

6 .740 

E.SJ2 

3. 929 

A. 10 7 

1 .me 

1.224 

1.Z7Z 

i.3:< 

2.37? 

I .3CA 

1.153 

1.23C 

i*D9Z 

7.423 

7.75D 

a*2?o 

3.7C4 

9.DCC 

13.325 

1 3.772 

11.76Q 

12.292 

IZ.GRG 

17.196 

27. SIC 

13 .1CB 

9.BB1 

1C .133 


9-C24 

B-U2 

0.37? 

9.360 

1C. ICC 

8.5BS 

8.831 


7.7?2 

7. BIZ 

7.92C 

e.8C4 

E.EAC 

12 .199 

3 .122 

.35 6 

44.116 

R3.3ZC 

46.772 

47.C56 

A7.7 3A 

A 8. 5 72 

A7.19G 

ItC .U2C 

29.E J7 

BB.CAZ 

9G .726 

92.388 

33;. 712 

lie ,592 

ICS. 188 

19. 961 

23.133 

22.728 

22.713 

22.637 

2Z.GGC 

Z1.E98 

21.3SA 

18.16? 

19.986 

19. EGA 

19.676 

18.288 

19.2AE 

19.A3A 

18.125 


142.756 

14C.A53 

139. Q35 

13S.8G3 

135.S25 

157.715 

1A9.6G7 


1C. X23 

IC.C39 

1C. 014 

9.837 

B.BIE 

R.9I1 

3.ZAA 

12.50*1 

11.42C 

ll.ZJG 

11.127 

1C. 360 

1C.BA2 

12.G17 

11.093 

7.984 

7.92C 

7.B2S 

7.772 

7.6?f 

7.E12 

8.711 

8.236 

17.CZ1 

17.118 

IE. BBC 

16.967 

16.693 

16.7DE 

13. SSI 

17.593 

18.C23 

le.ite 

IS. CCA 

10.02? 

17.742 

17.7EC , 

19.E59 

18.EBC 

2C3.414 

207.571 

2CA.5S8 

2C2.992 

198*624 

19B.2E1 

227. IGS 

21A.ZS3 

G.588 

6.562 

C.AC7 

G.4I7 

E.279 

E .2G7 

7.191 

6.77A 

22.454 

22.C44 

21.777 

21.61C 

21.746 

2I.B1C 

22.183 

22.ZC5 

.715 

.741 

.7A2 

.746 

.749 

.75C 

.715 


23.767 

29.347 

28. BSE 

?8.73J 

?8 -773 

28.B27 

3C.C79 

29.695 

21 .8E5 

''1.443 

2I.CS2 

3C.B45 

2C.785 

3C .BSE 

22,358 

31.8E2 

23-447 

:s.C3C 

27.GBE 

27.5C3 

77.509 

27.GS5 

ZG.EA3 

23.339 

31 .C65 

3C .666 

2C.273 

2C -C 76 

3C.C29 

3C .181 

31 .516 

21 .C5C 

34*260 

-3.756 

T3.3A1 

13.110 

33.123 

T3.IC9 

3A .516 

3A.135 

29.464 

29.045 

ZB.GG7 

26.4S6 

20.48? 

28 .ESC 

23.7AS 

29.2B2 

23. 18S 

21.762 

23. ACS 

28.212 

73.2C2 

Z8. 3SS 

29.AAS 

29.C93 

77 

74 

7E 

75 

77 

73 

79 

8C 

92. 9C 

97.22 

97. BA 

irc .4C 

1C7.FE 

ICE .OE 

ICC. 63 

1CA.65 

4.264 

7.43C 

7.9A3 

3*929 

4 .107 

a.zea 

7.A3Q 

7.9A3 

1 .279 

1 .330 

1.33G 

1.231 

1.311 

1.3G3 

1 .AIS 


14.514 

14.3G6 

15,128 

il.CIl 

13.994 

1A.761 

IS. BSE 

15.361 

1C -277 

IC.2C7 

3.968 

lC-74? 

11.101 

II.28A 

11 .3E2 


3.932 

8. 902 

3.E9C 

3.415 

9.753 

9.33C 

10. CCA 

9.86 7 

8 .113 

8. lie 

8.C5A 

12. 600 

12.3!T4 

11.833 

8. £05 

7 .97A 

47.345 

5C.34E 

Sl.lAC 

51.015 

52 .624 

BJ.AT5 

SA . 3CA 

S3. 781 

1C7-935 

lir.772 

I7C.B29 

1C8.779 

107.221 

ICE.SZl 

1CS.2A8 

ICC .072 

21.225 

21.262 

21.5A3 

2C.S93 

20.291 

ZC.I22 

20.C51 

20.103 

17.755 

15.142 

13.5S8 

1B.439 

18.042 

11.7BG 

17 .187 

1 7 .1 3 D 

14C.915 

154.676 

16C.BAC 

147.821 

145.554 

1AA.AZ9 

1A5.A36 

IAS. 385 

9 .ccr 

9.252 

9.A7C 

9.4C4 

5.2C1 

S.C7I 

8.765 

8.736 

11.733 

12.374 

1Z.87S 

11.926 

11.644 

ll.SSA 

11.539 

11.631 

6 .1 4? 

8.5 76 

B.9C1 

a .?42 

8.247 

e.CSB 

8.163 

8 .lAE 

17.4J1 

I 3.3C9 

18.923 

17.792 

17.662 

17,592 

17.713 

17.BA1 

18.497 

19.417 

2C.DE9 

xe.aas 

28.764 

1S.E95 

18.827 

18 .7A6 

211. 79C 

222.6C5 

231. 1S7 

213.974 

21C.972 

CC9.A79 

21C.SBA 

210.285 

6 .655 

7.037 

7.3C8 

6.764 

6.5C9 

E.E21 

6.657 

6 .6A8 

22.521 

23. Sol 

2A.981 

22.250 

21.385 

22.C99 

23.7AC 

23.731 

.7ir 

.715 

• 71R 

.71S 

.715 

.711 

.715 

.715 

23.931 

-1.314 

33.CSA 

r9-729 

20.37C 

79.A2S 

3C.113 

31.C9A 

?Z -C64 

r?.54S 

2r.321 

31 .893 

33.495 

31 .E3E 

32.235 

33.213 

23.59C 

23.9C9 

31. SAB 

28.37G 

29 .034 

Z8.D98 

28.773 

29.763 

21.27C 

32.721 

3A.AE5 

31.082 

3C.7C4 

3C.7AS 

31 .AAA 

3Z.AZA 

34.415 

36.C26 

38.000 

34.179 

33.767 

33.8A3 

3A . 6ol 

3B.8A1 

29.621 

IC .987 

32. ECS 

29.415 

29.Cf8 

29.11C 

29 .SCO 

3C .782 

23.335 

3C.689 

32.357 

29.120 

23.765 

28.823 

25.SCS 

3D.A9C 
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Table 5.7 
CoRClnued 


sPti ;vcL!: SA5 tubbine lUMHAar plant 


RESULTS 


parametric point 

total capital cost tKS 

P CAS TURBINE COMPRESSOR SECTiMS 

L GAS TURBINE CCMC CASKETS ,H 

A OAS TURBINE TURBINE SECTIONtH* 

N HI5C CAS TURBINE ALXILIART f>'5 
T CAS TURBINE GENERATOR .Mt 

RECUPEBATCR P PIPINC STSTL''»f'* 

R TOT “AJOR COMPONENT COST .MS 
TOT major component "COST .SAKWE 

balance cf plant cost .s/kwe 
site labor .s/kue 

total OIRECT COST .S/KWE 

. INDIRECT COSTS .S/KHE 

PROF 8 OWNER COSTS .S/KWE 

B CONTINSENCr COST .1/KME 

R ESCALATION COST .S/KWE 

E INT DURING CONSTRUCTION .S/KHE 
A TOTAL CAPITALIZATION .S/KWE 

£ S6§1 SE elcc-capital .KiLLS/KWE 

0 COST OF ELEC-FUEL .HILLS/KWE 
C COST OF ELEC-OPCKAIN. HILLS/KWE 
H TOTAL COST OF ELEC .MILLS/KHE 
N COE C.S CAP. FACTOR .HILLS/KWE 
COE 0.3 CAP. FACTOR .HILLS/KWE 
FOE 1.2XCAP. COST .HILLS/KWE 
COE l.JXTUEL COST .HILLS/KWE 
COE C CfiNTINGENCYlC J .HILLS/KWE 
COE 1ESCALATI0N=C) .HILLS/KWE 


a 

1 

32 

33 

81 

85 

36 

87 

88 

1C 

4. 73 

irc.Tj 

1C1.91 

ICT.RR 

ICS .Sf 

110 .27 

113.68 

lie .27 

8 

. 39B 

3.929 

R.107 

R.2SR 

7.4 3C 

71.943 

3.929 


•1C 7 

1 

• 393 

1.1E3 

1.23C 

1 .279 

I.3IC 

1 .338 

1 .231 

2 

•311 

1? 

.976 

IG.53B 

17.817 

1S.82S 

ZC.C6D 

21.186 

15.838 

n 

•075 

1C 


10.288 

1E.57R 

1C.7CE 

ir.7ie 

1C .526 

11 .876 

32 

•336 

«3 

«S22 

3.932 

9.2SE 

3.392 

9.394 

9.211 

10.434 

1C 

• 9C9 

7 

•SIC 

13.122 

9.771 

9.ZCR 

B.E42 

B.4 94 

14 .sec 

29 

• 73E 


• 25 7 

SU.CIC 

32.7S5 

93.860 

57.475 

58.698 

99.017 

6C 


112 

• 5C1 

122. ZB7 

111.884 

114 .8 73 

122.831 

128.833 

ica.ias 

1C7 

• 967 

3C 

• 43C 

21.1C6 

7C.776 

2C.63R 

2C.62C 

2C-829 

19.572 

19 

•235 

17 

• 48C 

19. SIR 

18.2C2 

17.992 

18.Z4C 

18.642 

18.027 

27 

.75C 

15C 

• 412 

1E2.B97 

153.882 

153.499 

181.691 

168.104 

145.783 

199 

•452 

0 

.915 

s.sez 

9.283 

3.17B 

9.302 

9.507 

9.194 

9 

•0S3 

12 

• G33 

13.C32 

12.309 

12.28C 

12.9T5 

13.448 

11.863 

11 

• 5S6 

6 

• 4C7 

9.CRC 

8. BBS 

8.5E7 

S.C15 

9.353 

8.219 

fl 

• 276 

18 

*13.3 

19.3RC 

18.393 

18.401 

13.352 

10.00 9 

17.985 

17 

.978 

18 

.258 

2C.E2C 

19.571 

19.534 

2C.S1F. 

21 .231 

19 .134 

19 

.14 C 

217 

• 1S5 

2IR.797 

221 .933 

221.448 

232-340 

241,556 

211.977 

210 

• 3SS 

C 

•dcs 

7.R2Z 

7.C1G 

7. DEC 

7.3C1 

7 .639 

C .701 

6 

•€5C 

24 

• 825 

21.283 

21.3GC 

21.683 

22.801 

23.333 

20.281 

2C 

.1 71 


-715 

.715 

.715 

.715 

.715 

.715 

.715 


• 715 

32 

• 5C5 

C3.R27 

29.0 32 

29.373 

3C .877 

32.1 38 

27.693 

27 

• 536 

34 

• 869 

11.778 

11.321 

31.6C3 

73.C1C 

31.804 

29.833 

?0 

-6se 

31 

• 132 

I7.9R3 

27.891 

27.391 

29.211 

TC.67C 

26.358 

26 

• 2C4 

33 

• 676 

IC.9I1 

3C.49S 

3C .779 

32.109 

33.7IC 

29.833 

28 

•866 

37 

• 49C 

B3.G8R 

33.384 

33.711 

35.197 

36.955 

31.754 

31 

*570 

32 

•184 

29.CB2 

28.785 

29.052 

IC.32I 

21.831 

27,383 

27 

.222 

31 

• 884 

23.7BS 

29.482 

28.749 

30. CIS 

31.503 

27.081 

26 

• 319 


PARAHCTRIC POINT 

TOTAL CAPITAL COST ,HS 

P CAS TURBINE COMPRESSOR SECT. IS 

L GAS turbine cohb baskets .Hi 

A GAS TURBINE TURBINE SECTION. MS 

N HISC GAS TURBINE AUXILIARY .HI 
T GAS TURBINE GENERATOR ,M$ 

RECUPERATOR « PIPING EYSTE“.HS 


R TOT MAJOR COMPONENT 
E TOT MAJOR CCHPDNEN f 
S BALANCE CF PLANT COS 
U SITE LABOR 
L TOTAL OIRECT COST 
T INDIRECT COSTS 

orcf s owner costs 

B CONTINGENCY COST 
R escalation cost 
£ INT DURING CONSTRUCT 
A TOTAL C. .'ITALI7ATI0N 
K COST CF i; EC-CAPITAL 
3 COST OF ELEC-FUEL 
□ COST OF ELEC-OPSHAIN 

H tctal cost or elec 

N COE C. E CAP. FACTOR 
■COE 0.3 CAP. FACTOR 
COE I.2XCAP. COST 
COE l.’XFUCL COST 
COE tCONTINCENCYrCI 
COE <CSCALATI0N:C) 


ION 


COST .MS 
CO ST .S/KWE 

;t .S/KWE 
.s/kwe 

• S/KWE 
.S/KWE 
•S/KWE 
fS/KWE 
•$/KUE 
.S/KHE 

• S/KWE 
.HILLS/XHC 

• HILLS/KWE 
.HILLS/KWE 

• HILLS/KWE 
.M ILLS/KHE 

.k:ll3/khe 

.HILLS/KWE 

.HILLC/HWE 

.HILLS/KMC 

• MILLS/KW; 


89 

9C 

91 

92 

97 

91 

95 

96 

§7 

12C.46 

127*23 

123.52 

122.45 

79.44 

77.T9 

13.50 

44 . 03 

99.13 

4.264 

7.43C 

7.943 

8*398 

4 .107 

1.107 

.382 

• 9S2 

2oQ97 

1*363 

1.41E 

1.421 

1.393 

1.229 

I .23C 

.275 

.275 

.386 

13.C53 

13.617 

2C.72C 

21 *232 

3.663 

8.758 

1. 700 

1*700 

3.36S 

12.6C2 

12.811 

12.756 

12.E5C 

9*534 

S,7?0 

Z.1F.D 

2.16C 

3*409 

11.193 

11.344 

11 .292 

11. lie 

8.245 

a. ITS 

1.837 

1.B37 

3.022 

14.126 

13.306 

8.842 

8 .931 

7*524 

7.H7E 

1,537 

1.417 

4. 763 

61*562 

65.923 

63.974 

B3.67C 

39*307 

B9.S18 

2. ROD 

2* 400 

10.750 

ICC. 537 

111 .802 

1C9.CBI 

11C.&91 

99.541 

97.B3E 

10.832 

1C. 772 

27.797 

19.DS7 

ia,924 

18.959 

19.087 

22.519 

19.173 

113.870 

108.638 

121*077 

17.4 67 

17.486 

16.7S7 

16. SCI 

17.919 

IE. 786 

38.523 

95.736 

71.097 

143.0SS 

143.215 

144 .826 

146.579 

179.679 

1 32.BBR 

87.026 

66.101 

S3.849 

£•906 

8.919 

6.5C1 

8.5C8 

9.C68 

B.CSl 

277.213 

270. 52S 

252.022 

11.445 

11.857 

11*536 

11.726 

11 *174 

1C.G1C 

34.183 

33.711 

30.523 

8.115 

8.421 

8.225 

6.321 

7.682 

7.333 

2.:. 178 

21.642 

20*162 

17.887 

13«S7l 

18.112 

18*234 

15.29S 

15.518 

IB. 013 

17.640 

17.036 

19.052 

19.7CG 

13*295 

19.44C 

17.255 

18.1 7C 

48,872 

48-D49 

52*554 

2C8.462 

21S.7G9 

210.6C5 

212.879 

201 *173 

151.033 

S3. 522 

52.658 

58.686 

e .550 

6.821 

C .858 

6.73C 

6.3CC 

C.039 

453.393 

444.225 

431.785 

2C.263 

''C.761 

21.4 95 

22*594 

23.486 

2R .559 

14.352 

14.043 

13*650 

•7i: 

• 715 

.715 

.715 

.715 

.71E 

21.015 

20.3 OS 

18.659 

27.SG3 

''9.297 

?s.Bca 

29-839 

7C-5G1 

31.313 

_ .533 

• 587 

.585 

25 .6 70 

70.468 

3C.99C 

31 .373 

32.594 

II .250 

35.357 

34.936 

32.694 

26*247 

26.333 

27.534 

26.482 

29.283 

30.098 

40.373 

39.260 

37.100 

2C.AS6 

:s.6£l 

3Ct2CC 

31.175 

31.833 

32.S21 

33.131 

32.228 

30.260 

31.621 

:2.449 

33.167 

34.306 

^5.2^9 

36.225 

38.627 

37.745 

35.624 

27 .227 

27.973 

28.55? 

29.51C 

1C.27C 

31.C35 

10.180 

38.3S7 

3S.S26 

26. 354 

27.S59 

78.24C 

23.203 

7C.CC3 

30.T82 

35.221 

34.215 

32.134 







34.238 

33.243 

31.D1Q 


5-88 


5.6 Analysis of Overall Cost of ElectrlclCy 


Using the tabulated capital costs for the recuperated open- 
cycle gas turbine systems in conjunction with calculated power plant ef- 
ficiencies, and designated values of fuel price, capacity factor, time of 
construction, fixed charge rates, contingency provisions, and escalation 
rates, the cost of electricity was computed for each parametric point 
variation. The results of these calculations, summarized for each para- 
metric point, are given in Table 5.8. 

In addition, a more detailed examination of the effects of 
selected parameters included: 

a Labor rate 

e Contingency 

• Escalation rate 

a Interest during construction 

a Fixed cheige rate 

a Fuel cost 

a Capacity factor. 

Table 5.9 gives the results of the variation of these parameters on the 
overall cost of electricity for the base case. 

The effect of the basic gas turbine parameters of compressor 
pressure ratio and turbine inlet temperature on Che cost of electricity 
was investigated for both simple and recuperated gas turbine plant ar- 
rangements. By comparison with other EGAS energy conversion systems, 
these recuperated gas turbine plants are generally well suited for low- 
capacity factor operation. It is important, therefore, to consider in 
addition to compressor pressure ratio and turbine inlet temperature the 
effects of capacity factor on the overall cost of electricity. 

In Figure 5.47 the simple cycle cost of electricity variations 
are plotted against compressor pressure ratio and turbine inlet temperature 


5-89 



I'able 5<8 


OPEN CYCLE GAS TURBINE SUMMARY PLANT RESULTS 


PARAMETRIC POINT 
THERPODYNAPIC EFF 
POWER PLANT EFF 
OVERALL ENERGY EFF 
CAP COST MILLION S 
CAPITAL COSTtS/KWE 
COE CAPITAL 
COE FUEL 
CCE OP 8 MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


1 


3 

4 

,378 

1^248 

.276 

.294 

.378 

.243 

.276 

.294 

.191 

.125 

,133 

.148 

79. 439 

51.873 

54.153 

S5.234 

2C1.177 

180.532 

179.551 

181.549 

8.360 

5.707 

5.676 

5.739 

23.486 

35.779 

32.137 

70.191 

. 715 

.71S 

.715 

.715 

30.561 

42.201 

38.523 

36 .646 

2.500 

2.365 

2.385 

2.383 


5 

• 3CE 
.303 
.154 
35.594 
185. 31A 
5.838 
29.121 
,71S 
35.G94 
2.383 


6 

.313 
.313 
.158 
59.430 
211.374 
6.682 
28.313 
-ills 

7 r “ 


7 

.31C 
.31C 
.157 
58.549 


9 

.300 
.300 
.151 
57.258 


229.714 253.715 


7.262 
28.586 
.715 

710 

356 2.3f5" 


8.020 

29.597 

.715 

3B.333 

--£*267 


PARAMETRIC POINT 9 

THERMODYNAMIC EFF .279 
POWER PLANT EFF .279 

OVERALL ENERGY EFF .141 
CAP COST MILLION S 53.527 
CAPITAL COET.S/KHE 167.C3C 
COE CAPITAL- 

COE FUEL 31.758 

COE OP g MAIN .715 

COST OF ELECTRIC 37.753 
EST TIME OF CONST 2.448 


10 

11 

12 

13 

14 

.239 

.311 

.323 

,325 

.321 

.239 

.311 

.323 

,325 

.321 

.151 

.157 

.163 

.164 

.162 

60.050 

GC.731 

65.049 

64.516 

63.384 

167.811 

170 .020 

189.339 

20C.834 

214.921 

5.305 

5.375 

6.385 

6.342 

6.794 

29.7CG 

28.531 

27.446 

27.268 

27.685 

.715 

.715 

.715 

.715 

.715 

3E.726 

34.621 

34.146 

3 4.326 

35.195 

2.4S7 

2.457 

2.440 

2.412 

2.376 


15 

.281 

.231 

.142 

64.385 

162.163 

5.126 

21.555 

.715 

37.336 

2.502 


16 
.3C2 
.302 
.152 
66.434 
162 .351 
5-132 
23.43C 
.715 
35.278 
2.516 


PARAMETRIC POINT 17 19 13 20 

THCRMOCYNAPIC EFF .315 .33C .335 .334 

POKER PLANT EFF .315 .330 .335 .334 

OVERALL ENERGY EFF .159 

CAP COST MILLION S SS. 727 70.550 70.292 59,436 

CAPITAL COST »S/K WE 1SS.53Z 174. 8C1 182.614 131.982 

CCE CAPITAL 5.043 5,526 5.773 6.069 

COE FUEL 28-178 26.888 26.511 26.59C 

COE OP 8 MAIN .715 .715 ,,.715 ,_-71| 

COST OF ELECTRIC 33.936 33.130 32.9|| 7|-37| 

EST TIME OF const 2.519 2.510 2.483 2.462 

PARAMETRIC POINT 25 26 27 23 

THEHMCDYNAHIC,EFF .343 .345 .352 .352 

POWER PLANT EFF .343 .345 .352 .352 

OVERALL ENERGY EFF .173 ,„.174 ■ ,-178 ' -•178 

CAP COST MILLION $ 78.697 ,79.135 64.273 G7.13S 

capital COSTfS/KWE 16E.5B7 171.499 233.854 222.982 

COE capital 5.235 S.421 7.393 /*C49 

COE FUEL 25.884 25-742 25.208 25.179 

COE OP 8 MAIN .715 , ,«71S ,,.715 ,,*715 

COST OF ELECTRIC 31-834 31.879 33.316 2^.344 

EST TIME OF CONST 2.532 2.563 2.346 2.384 


21 

.282 

.232 

.142 

7C.585 

352.386 

4.817 

31.454 

.715 

36.387 

2.571 


22 
.303 
.303 
.153 
73.277 
152. 1C3 
4.808 
29.255 
.715 
34.779 
2.583 


23 

.318 

.318 

.160 

74.853 

152.836 

4.831 

27.312 

.715 

32.459 

2.596 


24 

.325 
.335 
.169 
8C.519 
164.728 
5.2C7 
26.471 
.715 
32 .394 
2.595 


29 30 31 32 

.345 .332 .367 .364 

.345 .3-32 .367 .364 

,174 .167 .185 .184 

66.C34 56.473 71,820 72.938 

224.452 228,272 212.446 211.12C 
7.095 7.216 6.716 6.674 

25.757 26.742 24.151 24.357 

.715 .715 .715 .715 

33.567 34.674 31.582 31.746 

• 2-.374 — 2,370 2.432 2.443 


PARAMETRIC POINT 
THERHCOYNAKIC EFF 
POWER PLANT EFF 
OVERALL ENERGY EFF 
CAP COST MILLION t 
CAPITAL C0ST»4/KKE 
CCE CAPITAL 
COE FUEL 
COE OP S MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


33 

34 

35 

36 

37 

38 

39 

• 356 

.231 

.377 

.372 

.354 

.331 

.385 

• 356 

,331 

.377 

.372 

.354 

.331 

.385 

• 179 

.167 

.190 

.188 

. 178 

.167 

.194 

73. 8DZ 

76.251 

70.660 

78.931 

83.946 

81.802 

90 .562 

213. C3E: 

227.316 

2C6.132 

197.743 

213. 25S 

216.728 

2C 3 .766 

G. 734 

7.136 

6.516 

6.251 

6.741 

6 . 851 

6.441 

24.96C 

26.739 

23.524 

23.B4C 

25.054 

26.823 

23.035 

• 715 

.715 

.715 

.715 

.715 

.715 

• 715 

32»4C9 

34.700 

3C.75E 

30.806 

32,551 

34.390 

3C.192 

2*443 

2.430 

2.485 

2.505 

2.4 99 

2.480 

2 .552 


40 

1390 

.390 

.197 

92.743 

193.790 

6.316 

22,728 

.715 

29.760 

2.572 


tTpsrvnr 
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Table 5.8 
Continued 


OPEN CYCLE GAS TURBINE SUMMARY PLANT RESULTS 


PARAMETRIC POINT 

41 

42 

43 

44 

45 

46 

47 

48 

THERMODYNAMIC EFF 

.399 

.3 75 

.3£9 

.34C 

.36C 

.365 

.363 

.350 

POWER PLANT EFF 

.339 

.376 

.359 

.340 

.360 

.365 

;363 

.35C 

OVERALL ENERGY EFF 

.13C 

.l^O 

.191 

.172 

.182 

.184 

.183 

.176 

CAP COST MILLION $ 

39. 379 

94.C9Q 

32.427 

91.95C 

75.163 

76.416 

75.886 

80.879 

capital COSTtS/«HE 

189.778 

197.859 

13S.820 

2C5.263 

196.536 

193.164 

189.848 

2CE.298 

CCE capital 

S. 993 

3.255 

6.283 

6.489 

6.213 

6. IDS 

6.0DZ 

6.490 

CCE FUEL 

92.821 

23. £85 

24,636 

26.C74 

24.648 

24 .323 

24.457 

25.381 

COE OP S MAIN 

. 715 

.715 

.715 

.715 

.715 

.715 

.715 

.715 

COST OF ELECTRIC 

25. £37 

3C.EE7 

31 .696 

33.273 

31.576 

31.145 

31.174 

32.586 

FST TIME OF CONST 

2-531 

2.533 

2-S72 

2-556 

2.436 

2-stn 

2.5C5 

2.499 


parametric point 

49 

50 

51 

52 

S3 

54 

55 

56 

THERMODYNAMIC EFF 
POWER PLANT EFF 

.33C 

.396 

.392 

.382 

.358 

.331 

.379 

.330 

.331 

.336 

.392 

.382 

.398 

.331 

.379 

.33C 

OVERALL ENERGY EFF 

.167 

• 2DC 

.198 

.193 

.180 

.167 

.181 

.191 

CAP COST MILLION $ 

79. 33C 

39.698 

88.120 

97.626 

92.662 

88.786 

79.295 

80.017 

CAPITAL C0S7.$/KHE 

21C.15E 

232. arc 

222.542 

219.834 

235. SB8 

235.258 

2C6.1S4 

3C1.169 

COE CAPITAL 

6. 644 

7.362 

7.0S7 

6.349 

7,447 

7.437 

5.517 

6.359 

CCE FUEL 

26.848 

22.39C 

22.641 

23.216 

24.799 

26.799 

23.387 

23.375 

COE OP S MAIN 

.715 

.715 

.715 

.715 

.715 

.715 

.715 

.713 

COST OF ELECTRIC 

34.2C7 

3C.46B 

3C .423 

3C.B81 

32.962 

34.951 

3C.62C 

3C.45C 

E5T TIME OF CONST 

2. 4 3C 

2.434 

2.499 

2.504 

2.438 

2. 430 

2.409 

2.503 


PARAMETRIC POINT 

57 

59 

59 

60 

61 

62 

63 

64 

thermodynamic EFF 

.374 

.355 

.332 

.375 

.376 

.370 

.362 

.329 

POWER PLANT E'FF 

. 374 

.355 

.332 

.375 

.376 

.370 

.352 

.329 

overall ENERGY EFF 

.189 

.179 

.168 

.189 

.130 

.187 

.178 

.166 

CAP COST MILLION $ 

79.4 92 

34-49C 

82.276 

73.107 

78.333 

78,440 

03.471 

81.382 

capital COST.S/KWE 

197. 78C 

213.228 

2IE.S62 

2C6.3C5 

2C1.36S 

197.380 

213.458 

217.042 

COE capital 

6.2Sr 

G.741 

6.846 

6.522 

6.366 

6.2SS 

6.748 

6 . 86 1 

COE FUEL 

23.719 

24.974 

26.694 

23.655 

23.605 

23.9E6 

25.215 

26.954 

CCE OP S MAIN 

.715 

.715 

.715 

.715 

.715 

.715. 

.715 

.715 

COST OF ELECTRIC 

3C.666 

32.430 

34.256 

3C.833 

3C.B86 

3C.326 

22.678 

34,530 

EST TIME OF CONST 

2.508 

2.502 

2.433 

2.482 

2.437 

2.302 

2.436 

2.477 

parametric point 

65 

66 

67 

68 

69 

70 

71 

72 

thermodynamic EFF 

.395 

.4C4 

.409 

.412 

.410 

.4C7 

• 4CC 

.4C0 

POWER PLANT EFF 

.395 

.403 

.407 

.410 

.408 

.405 

.400 

.400 

evCRALL ENERGY EFF 

.19S* 

.203 

.206 

.207 

.2C6 

• 2C4 

.202 

.202 

CAP COST MILLION S 

86. 867 

91.905 

94.557 

98.147 

93,548 

101.036 

94.637 

92.628 

capital COST.S/KHE 

rCQ.414 

2C7.571 

ZC4.558 

2E2.392 

136.624 

19 8.2 61 

227.165 

214.298 

COE capital 

6.388 

6.562 

6.437 

6.417 

6.279 

6.267 

7.181 

6.774 

CCE FUEL 

22-464 

22 . C 44 

21.777 

21.630 

21-746 

21 .310 

22.183 

22.205 

COE OP S MAIN 

.715 

.741 

.74 2 

.74 6 

.749 

.750 

,715 

.715 

COST CF ELECTRIC 

29-767 

29.347 

28.386 

28,793 

28.773 

28.927 

3C.C79 

29.695 

EST TIME OF CONST 

2.524 

2.532 

2-572 

2.592 

2.609 

2.617 

2.524 

Z;S40 


PARAMETRIC POINT 

73 

74 

7S 

76 

77 

78 

79 

80 

THCRMOOYNAKIC EFF 

.394 

.277 

.355 

.399 

.404 

•4C2 

.390 

.374 

POWER PLANT EFF 

. 394 

,377 

.355 

.393 

.404 

.402 

.390 

.374 

OVERALL energy EFF 

.199 

.19C 

.179 

.201 

.204 

.203 

.197 

.189 

CAP COST MILLION S 

92. 899 

37.225 

97.339 ICC. 397 

103,545 

IDS, 063 

10S.62C 

104.646 

capital ccst.j/kwe 

211. 79C 

222. 625 

222.167 223.974 

210.972 

2D9.43S 

21C.594 

210 .285 

CCE CAPITAL 
CCE FUEL 

6. 595 

7.037 

7.308 

S.764 

6 . 6o9 

§•621 

6.857 

6.548 

22.521 

23.661 

24.981 

22.250 

21.985 

22.C89 

22.740 

23.731 

COE 0? 8 MAIN 

. 71S 

,715 

.715 

.715 

.715 

.713 

.715 

.715 

COST OF ELECTRIC 

23.931 

31.314 

72 .004 

29,729 

23.370 

29.425 

20.113 

31.C94 

EST TIME OF CONST 

2. 546 

2-544 

2,531 

2.577 

2.597 

2.607 

2.611 

2.603 
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Table 5.8 
Continued 


OPEN CYCLE GAS IUR8INE SUHMA3Y PLANT aESULTS 


PA.RAHETRIC POINT 81 32 

THERHODYNAPIC EPF .356 .317 .315 .31C 

POUER PLANT EFF .356 .317 .415 .41C 

<'VERALL ENERGY EFF .18C .210 .21C .2C7 

CAP COST MILLION S 1C3. 730 1C3.733 1C1.312 in3.44| 

CAPITAL COST. S/KWE 217.1BS 233.797 221.933 2^1.336 

COE CAPITAL 6.855 7.322 7.016 „7.CD0 

COE FUEL 23.925 21.289 21*36C 21*663 

COE OP 8 MAIN .715 .715 .715 .715 

COST OF ELECTRIC 32.5CE 29.327 22.C3Z 23.379 

EST TIKE OF CONST 2.589 2.»3C 2.367 2. 975 


95 

.393 
.393 
.198 
108.950 
232.830 
7.361 
22. SCI 
.715 
3C.677 
2.575 


86 

.372 
.372 
.188 
lie. 272 
231 .656 
7.633 
23.833 
.715 
32.188 
2.554 


37 

.338 

.333 

.221 

113.679 

211.977 

5.701 

2C.281 

.715 

27.GSB 

2.638 


88 

.33C 

.34C 

.222 

118.371 

21C.3SS 

6.650 

2C.171 

.715 

27.E3E 

2.660 


PARAMETRIC POINT 
THERHCDYNAKIC EFF 
POKER PLANT EFF 
OVERALL ENERGY .EFF 
CAP COST MILLION S 
CAPITAL COST»S/KV(£ 
COE CAPITAL 
COE FUEL 
COE OP 8 HAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


83 


1 

438 

90 

.427 

31 

.413 

92 

.396 

93 

.378 

34 

.361 

9*^ 

• 000 

436 

.427 

.413 

.396 

.370 

.361 


i22i 

.216 

.208 

.2CC 

.191 

.242 

♦ 213 

•358 

127.226 

123.516 122.448 

73.439 

77.733 

502 

462 

215.763 

21C.6C5 212.679 

2C1.173 

191.C33 

2»53*993 

530 

S.321 

S.653 

6.73C 

S.36C 

6.039 

X4« 352 

.263 

2C.7G1 

21.43,5 

22.384 

23.486 

24.559 

21»01S 

715 

.713 

.715 

.715 

.715 

.715 

• 589 

.566 

28.237 

28.868 

29.823 

3C.B61 

31.313 

35«957 

672 

2.682 

2.679 

2.67C 

2.500 

2.513 



96 

.000 

.437 

.220 

43.026 

444.225 

14.043 

20.306 

.587 

34.336 

3.521 


97 

.□DO 
.476 
.240 
99.129 
431.785 
13 .650 
IS. 659 
.585 
32.394 
4.078 
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Table 5.9 


OPEN CYCLE GAS TURBINE COST OF ELECTRICITY»HILLS/KW.HS 
parametric POINT NO* 1 


ACCOUNT RATEt 

PERCENT 

TOTAL DIRECT COSTS.® .0 

indirect cost.® 51. □ 

PROF 8 OWNER COSTS »S 8.0 

CONTINGENCY COST.S 5.5 

B.i 

^TrTfL^?APl“?J?i^ZrT5[§S;l 

COST OF LLEC-CAPITAL 18.0 

COST OF ELEC-FUEL .0 

COST OF ELEC-OP S MAIN .0 

TOTAL COST OF ELEC .0 


LABOR BATE. S/HR 


ACCOUNT 

TOTAL DIRECT COSTS.S 
INDIRECT COST.S 
PROF S OWNER COSTS.S 
CONTINGENCY COST.S 
SUB TOTAU.S 
escalation COST.S 
INTREST DURING CONST. S 
TOTAL CAPITALIZATION »$ 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN 
TOTAL COST OF ELEC 


6.00 

52103033. 

2031213. 

i}168Z<>3. 

2365667. 

61168155. 

53>ie253. 

6296651. 

73'llia53, 

E.87B3A 

23.RB637 

.71538 

30.07363 


8.50 
.53762521. 
28775S2. 
4301002, 
2356339. 
638SB013. 
6211626. 
6577663. 
76587302. 
6.13922 
23.48637 
,71538 
30.34097 


RATE. 

PERCENT 

.0 

51.0 

8.0 

ro.o 

.0 

6.5 

10.0 

.0 

18.0 

.0 

.0 

.0 


-5.00 
55156431. 
3588476. 
4412513, 
-27578Z5. 
60339661. 
5871546. 
S217543. 
72483750. 
5. 30311 
23.48637 
.71533 
30.00485 


CONTINGENCY. 

.00 

55156431. 
3588476. 
4412513. 

0. 

G31574B6. 
6139G3S. 
6501433. 
75738557. 
6.06307 
23.48637 
.71538 . 
30.26382 


10.60 
55156491. 
3538476. 
4412513. 
3033607. 
66191052, 
6434540. 
6813713. 
73439344. 
6.35954 
23.48637 
.71538 
30.56129 


PERCENT 

5.50 

55156491. 

3588476. 

4412519. 

303-36D7. 

66191092. 

6434540. 

6313713. 

79433344. 

6.35954 

23.46637 

.71533 

30.56123 


15.00 

58077190. 

5078033. 

4646175. 

3194245. 

70995642. 

6901598. 

7308293. 

35205533. 

6.82115 

23.48637 

.71538 

31.02290 


5.00 

55156491. 
3588476 . 
4412513. 
2757825. 
65315310. 
6407731. 
6785324. 
79108364 . 
6.33304 
23.48637 
.71533 
30.53473 


ACCOUNT RATE. 

PERCENT 

TOTAL DIRECT COSTS.S .0 

INDIRECT COSTjl^^^ , 51.0 

PROF 8 OWNER COSTS.S 8.0 

CONTINGENCY COST.S 5.5 

SUB TOTAL »S .0 

ESCALATION COST.S .□ 

INTREST DURING CONST.® ID.O 

TOTAL CAPITALIZATION.® .0 

COST OF ELEC-CAPITAL 18.0 

COST OF ELEC-FUEL .□ 

COST OF ELEC-OP S main .0 

TOTAL COST OF ELEC .0 

ACCOUNT RATE. 

percent 

TOTAL DIRECT COSTS.® .0 

INDIRECT COST.® , 51. D 

PROF 8 OWNER COSTS.S 8.0 

CONTINGENCY COST.S 5.5 

SUB TOTAL', S .0 

ESCALATION COST.S ^ 6.5 

INTREST DURING CONST.® 15.0 

TOTAL CAPITALIZATION »S .0 

COST OP ELEC-CAPITAL 13.0 

COST OF ELEC-FUEL .0 

COST OF ELEC-OP 3 MAIN ,D 

TOTAL COST OF ELEC .0 


S.OD 
5B156431. 
3588476. 
4412519. 
30335G7. 
66191D92. 
4326716. 
6693681. 
77811433. 
6,22922 
23.43637 
.71533 
30.43097 


ESCALATION RATE. PERCENT 


6.50 
55156491. 
3588476. 
4412513. 
3033607- 
66191092. 
6434540. 
6813713. 
79439344. 
6.35354 
23.48637 
.71538 
30.SS123 


8.00 
55156491- 
3589476. 
4412519. 
3033S07, 
66191092. 
795BD7D, 
6934457. 
31031619. 
6.43101 
23.48637 
.71538 
30.69276 


10. OD 
55156431. 
353B47B. 
4412519. 
3033607. 
66131092. 
1P0061D4. 

7036556. 

33293754. 

6.66810 

23.48637 

.71538 

30.36985 


6.00 
SS156491. 
3588476. 
4412513. 
30336D7. 
66191032. 
E434540. 
4073958. 
76693590. 
6. 14021 
23,4Et37 
.71533 
30.34195 


INT DURING CONST.PERCENT 


8.00 
55156491, 
3588476. 
4412513. 
^3033607, 
36191092. 
6434540. 
5441439, 
73067071. 
6.24968 
23.466,37 
'.71538 
30.45143 


10.00 
SS155431. 
3588476, 
4412S19. 
3033607. 
66191092. 
6434540. 
6813713. 
79439344. 
6.35954 
23.46637 
.71533 
30.56129 


12.50 
55156491. 
3588476. 
4412519. 
3033607. 
S6191C92. 
6434540. 
8535839. 
81161471. 
6.49740 
23.48637 
.71533 
30. E 9915 


21.50 

62391858. 

3431552, 

78093272. 

7531570. 

8036923. 

33723764. 

7.50306 

23-43637 

.71538 

31.70483 


20.00 
55156491. 
3588476. 
4412519. 
11Q3129S. 
74188784. 
7Z1Z008. 
7636995. 
89037787. 
7.12794 
23. '48637 
.71538 
31,32369 


.00 

£5156491. 

3588476. 

4412519. 

3033607. 

66191092. 

D. 

6298765. 

72489857. 

5.80319 

23.48637 

.71538 

30.00494 


15.00 

55156431. 

3B88476. 

4412513. 

3033607. 

66131092. 

6434540. 
10265537. 
82891169^ 
6.63587 
23 .48637 
.71538 
30.83762 
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Table 5.9 
Continued 


OPEN CYCLE SAS TURBINE 
PARAMETRIC POINT 


COST OF ELECTRICITY* HILLS/ KH.d? 
NO. 1 


ACCOUNT 

TOTAL DIRECT COSTS** 
INDIRECT C05T*S 
PROF 8 OWNER COSTS*: 
CDNTINBENCY COST** 

SOB TOTAL.* 

ESCALATION COST** 
INTREST DURXNO CONST •$ 
TOTAL capitalization** 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 6 MAIN 
TOTAL COST OF ELEC 


RATE* FIXED CHARGE RATE. PCT 


PERCENT 

10. DO 

14.40 

18.00 

21.60 

.0 

55156491. 

E5X56491. 

55156491. 

55156491. 

51.3 

3588476. 

3588476. 

3588476, 

3588476. 

8.0 

4412519. 

44125X9. 

4412519. 

4412519, 

5.5 

3033607. 

30336C7. 

3033607. 

3033607, 

.0 

66191D92. 

SE191D32. 

6S191D92. 

66191092. 

S." 

6434540. 

6434540. 

6434540. 

8434540. 

ID..,: 

6813713, 

6813713. 

6813713. 

6813713. 

.0 

79433344. 

73439344. 

79439344, 

79439344. 

25. Q 

3.53308 

5.08763 

5.35954 


•a 

23.48637 

23.48637 

23.48637 

23.48637 

.0 

.71538 

.71538 

.71538 

•71528 

.0 

27.73482 

29.28333 

30.56129 

31.83319 


2S-no 

£5156491. 

3568476. 

4412513. 

3033607. 

66191092. 

6434540. 

6813713. 

73439344, 

8.83269 

33.03444 


ACCOUNT 

TOTAL DIRECT COSTS.* 
INDIRECT COST.* 

PROF 8 OWNER COSTS** 
CONTINGENCY COST** 

SUB TOTAL** 
escalation COST** 
INTREST DURING CONST** 
TOTAL capitalization,* 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


RATE* 

FUEL COST* S/ia»»5 3TU 

2.08 

3.12 

PERCENT 

1.50 

2.60 

4.00 

.0 

55156491. 

55156491. 

55156491. 

55156491. 

35156491. 

51.0 

3588476, 

3588476. 

3588476 . 

3588476 . 

3588476. 

8.0 

4412313. 

4412513. 

4412513. 

4412513, 

4412519. 

5.5 

3033607. 

3033607. 

3033607. 

3D33ED7. 

3033607. 

.0 

6.5 

66191032. 

6434540, 

66191092. 

6434540. 

86191DS2. 

6434540. 

66191092. 

E43454C. 


10.0 

6313713. 

6813713. 

6813713, 

6813713. 

6313713. 

.0 

79439344. 

73439344. 

73439344. 

7S439344. 

73433344. 

18.0 

6.35354 

6.35354 

6.35354 

6.35354 

8.35954 

.0 

13.54983 

23.48637 

36.13287 

16.783DS 

28 .18364 

.0 

.71538 

.71538 

.71538 

.71538 

«71536 

.0 

20.82475 

30.56123 

43,20779 

25.86401 

35»?5856 


ACCOUNT 

TOTAL DIRECT COSTS.* 
INDIRECT COST,* 

PROF 8 OWNER COSTS •$ 
CONTINGENCY COSTi* 

SUB TOTAL.* 

ESCALATION COST** 
INTREST DURING CONST,* 
TOTAL CAPITALIZATION,* 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 HAIN 
TOTAL COST OF ELEC 


RATE, 

CAPACITY FACTOR* PERCENT 


PERCENT 

12.00 

45.00 

50.00 

65.00 

80.00 

.0 

55156491. 

55156491. 

55156491. 

55156491 j 

55156491. 

51.0 

3538476. 

3588476. 

3538476. 

3588476. 

3588476. 

8.0 

4412519. 

441251B. 

4412519. 

4412519. 

44ZZ519. 

5.5 

3033607. 

3033607. 

30336D7. 

3033607. 

3033607. 

.0 

G6191D92. 

66191092. 

66191092. 

66191032. 

5B191DS2. 

8.5 

6434S40. 

6434540. 

6434540. 

6434540. 

6434540. 

10.0 

6813713. 

6813713. 

6813713. 

6813713, 

6813713. 

.0 

79439344. 

79433344. 

79433344. 

79433344. 

79439344. 

18.0 

34.44750 

S.186D0 

8,26740 

6 .35354 

5 .167X2 

.0 

23.48637 

23.48837 

23.48837 

23.48837 

23.48837 

.0 

3.60000 

1.69872 

.84000 

.71538 

•630DQ 

.0 

61. 53336 

34.37108 

32.59377 

30.56129 

29.23349 


BEPEODOCTBtLOT OF ™ 
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Cost of Electricity, Wliils/kWh 







Fig. 5. 47 -Effect of turbine Inlet temperature and compressor pressure ratio on 
cost of electricity for a simple gas turbine cycle 
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Cost of Electricity, Mills/kWh 



Frg, 5. 48 ~ Effect of turbine inlet temperature and compressor 
pressure ratio on cost of electricity for a recuperated gas turbine 
cycle 
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for capacity factors of 12, 45, and 65%. The results show that for all 
capacity factors, the cost of electricity steadily decreases as turbine 
inlet temperature increases. Further, it indicates that higher compres- 
sor pressure ratios (above 16) generally give the lowest cost of electri- 
city only at the highest turbine inlet temperatures investigated. 

Results for similar calculations using the recuperated gas tur- 
bine cycles are shown in Figure 5.48, These results, all calculated for 
recuperator effectiveness of 0.8 and recuperator pressure drop of 0.03, 
similarly show that the cost of electricity steadily decreases as turbine 
inlet temperature is increased. It should be noted that the optimum 
pressure ratios for this recuperated cycle are generally lower than those 
for the simple cycle. 

Figure 5.49 compares representative results of both the simple 
and recuperated cycle at the various capacity factor levels. At each 
capacity factor identical values of 0^ expense were used; and for each 
system, compressor pressure ratios near the optimum for each system were 
selected. The results indicate that for these conditions the simple cycle 
enjoys a cost of electricity advantage at the 12% capacity factor, and 
the recuperated cycle enjoys the advantage at both 45 and 65% capacity 
factor. 

All of the above studies were performed in conjunction with the 
use of conventionally air-cooled turbine blading. Additional auteiition 
was focused on the application of ceramic turbine blading. The results 
of this work are shown in Figure 5.50. Two levels of ceramic blading im- 
plementation have been introduced. First, ceramic stationary vanes in 
conjunction with air-cooled rotating blading have been considered; and 
second, both ceramic stationary vanes and rotating blading have been uti- 
lized. Each case has been considered at turbine inlet temperatures of 
1478 and 1644°K (2200 and 2500°F). Cost of electricity results plotted 
against compressor pressure ratio indicate an optimum value of pressure 
ratio at 1478°K (2200‘’F) turbine inlet temperature of near 10 to i. At 
1644’’K (2500°F) turbine inlet temperature, the optimum value is 12 to 1. 
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Cost of Electricity, Miils/kWh 


. Curve 680368-A 



Fig. 5.49 -Effect of turbine inlet temperature on the cost of electricity for simple 
and recuperated gas turbine cycles using equal operating and maintenance costs 
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Cost of Electricity, li/lills/kWh 


Curve 680370-A 



8 10 12 14 16 18 20 22 24 26 

Compressor Pressure Ration 


Fig. 5. 50 —Effect of ceramic blading turbine Inlet temperature and compressor pressure 
ratio on cost of electricity for a recuperated gas turbine cycle 
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Compressor Pressure Ratio 


Fi^. 5. 51*” Influence of recuperator effectiveness and compressor pressure ratio 
on cost of electricity for 3 recuperated gas turbine cycle 


5-XOO 



In nearly all cases the use of both ceramic vanes and blades yields a 
lower calculated cost of electricity than does the use of ceramic vanes 
alone . 

The influence of recuperator effectiveness on the cost of elec- 
tricity has been investigated for a turbine inlet temperature of 1478®K 
(2200°F)‘ used in conjunction with air-cooled vanes and blades. The re- 
sults plotted in Figure 5.51 show the cost of electricity versus compres- 
sor pressure ratio for three values of capacity factor. It is evident 
that capacity factor plays a significant role in determining optimum re- 
cuperator effectiveness . A closer look at the influence of recuperator 
effectiveness is shown in Figure 5.52. This curve for 1478“K (2200“F) 
turbine inlet temperature and 10 to 1 compressor pressure ratio shows 
that for a 45% capacity factor operation, the optimum recuperator effec- 
tiveness is 0.83; and for a 12% capacity factor, the optimum value is 
0.73. 

The use of compressor intercoollng in conjunction with recu- 
peration has been studied at a turbine inlet temperature of 1478“K 
(2200“F). In this analysis, compressor pressure ratio was varied, and 
recuperator effectiveness was held constant at 0.8, The results of this 
calculation, as compared with the corresponding nonin tercooled cycle vari- 
ation, are shown on Figure 5.53. The first significant result of this 
comparison is that compressor pressure ratio optimizes at much higher 
values for the intercooled cycle, the optimum being 20 to 1 as compared 
with 10 to 1 for the nonln tercooled case. The second Important result is 
that optimum cost of electricity is generally lower for the intercooled 
case than for the nonintercooled variation. 

Natural resource requirements consisting of coal requirements 
and land usage have been calculated for each parametric point. These re- 
sults are given in Table 5.10. The coal usage rates for this tabulation 
are based on initial amounts required prior to coal processing. 


Cost of Electricity, mills/kWh 



Recuperator Effectiveness 


Fig. 5. 52 -Influence of recuperator effectiveness on cost of 
electricity 
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Cost of Electricity, mills/kWfi 


Curve 682032-A. 



Compressor Pressure Ratio 

Fig. 5. 53 -Recuperated cycle cost of electricity 
comparison intercooied and non-intercooied 
cycles 
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Table 5.10 

OPEN CYCLE 5AS 

TURBINE 

NATURAL 

RESOURCE RE9UIB 

EHENTS 


PARAMETRIC POINT 

1 

2 

T 



s 

6 

7 

B 

COAL» J.B/KW-HR 

l.Ef-tCC 

2.12882 

C.ZTIRE 2 

.13388 

2 

.05625 

2.CC1I1 2 

.C2C45 

2 .C9189 

SOBBANT OR 5EE0 tL 0/«K-4R 

.CCDCC 

.CCCCO 

.CCCCC 

• CCCCC 


.GCCOC 

.CDOCG 

.CODOO 

.OODOO 

TOTAL HATERt 6AL/KK-HR 

•ccc 

• CCQ 

.ccc 

.CCC 


• CCC 

.ccc 

•CCC 

.ere 

COOLING HATER 

• ccc 

.ccc 

.COC 

•coo 


• COC 

.000 

.CCC 

.ICC 

GASIFIER PROCESS HZC 

•ccccc 

.CCCCC 

.CCCCC 

.CCOOC 


.ccccc 

.CCCCC 

.CCCCC 

.CtiOCC 

CONDENSATE HAKE UP ♦ 

baste handling slurry 

.COOCp 

•cccC 

.encen 

.onocc 

.cccoo 


.ocego 

.COOCC 

.00000 

-CCCC 

•CODOO 

.CCDC 

.cccc 

.occe 


.cccc 

.CCCC 

.CCCC 

SCRUBBER haste HATER 

.OCCOO 

. cccoo 

.ccccc 

.OCCDC 


.cccoo 

.ccocc 

.00000 

.0000 c 

NOX SUPPRESSION 

,cccrc 

.ccccc 

.CCCCC 

.coccc 


.coccc 

.ccccc 

.oocco 

•ccccc 

TOTAL LAND ACRES/IECHHE 

1C»13 

12. 2S 

11.91 

11. 8S 


11.95 

12.42 

13.17 

14.17 

KAIN PLANT 

1C. 13 

12.26 

11.91 

11.85 


11.95 

12.42 

13.11 

14.17 

DISPOSAL LANO 

.OC 

.CD 

.CD 



.00 

.CO 

.00 

.00 

LANr FOR ACCESS RR 

.cc 

.CC 

. CC 

.CC 


.cc 

.re 

.pc 

.cc 

PAPAHETRIC POINT 

3 

1C 

11 

12 


13 

14 

IE 

IG 

COALt LS/KW-HR 

3.2IIA62 

2.CB9S3 

2.C1E55 1 

.9^83 

1 

.92731 

1.95S7B 2 

.23C26 

2.CSC09 

SORB ANT OR SEED tLB/KH-HR 

•cccrc 

.CCCCC 

.ccccc 

.CCCCC 


.ccccc 

•ccccc 

.CCCCC 

.ccccc 

TOTAL HATER, GAL/KW-HR 

• CSC 

.CQC 

.CCC 

• CCC 


.000 

.ccc 

.DOC 

.oco 

COOLING HATER 

• tcc 

.coc 

.CCC 

.CCC 


.occ 

.ccc 

-CCC 

.ccc 

GASIFIER PROCESS HOC 

.coccc 

•CCCCD 

.OCODG 

.ccccc 


.ccccc 

•CCCCC 

.Doonc 

.CODDO 

CONDENSATE HAKE UP , 
HASTE HANDLING SLURRY 

.ccccc 

.CCCCC 

.orr.ee 

.CQOC 

.cccoo 


.ccccc 

.ccccc 

.DC CD 

.cccnc 

.CCCCC 

.Done 

.cccc 

.ccoc 


. cccc 

•.COOD 

.ccoc 

SCRUBBER HASTE HATER 

.ccccc 

.ccccc 

.CCCCC 

.ccccc 


•CCCCO 

.cerre 

.ccccc 

.CCCCO 

NOX SUOPHESSION 

.ccccc 

.ccccc 

.coccc 

.CCCCO 


•ccccc 

•COCCC 

•econo 

.cococ 

TOTAL LAND ACRES/irCHHE 

ic.ee 

1C .75 

1C. 76 

11. Cl 


11. <16 

12. C 7 

IC.ID 

9.92 

MAIN PLANT 

1C. 38 

1C, 75 

1C. 76 

11. Cl 


11.46 

12.C7 , 

IC.IC 

9.92 

DISPOSAL LAND 

.cc 

.CC 

.CC 

.cc 


.CD 

•re/ 

.CO 

.CD 

LAND FOR access RR 

.00 


.CC 

.00 


.00 

.00 

.nc 

.00 


PARAMETRIC POINT 

17 

la 

19 

ir 

21 

22 

23 

24 

COAL, LB/KH-HR 

1.99158 

1.SCC45 

1.87376 

1.87333 

2.22314 

2 .C6 775 

1.97278 

1 .87C97 

SORQANT OR SEED »LB/KH-RR 

.CCCCC 

•COCCC 

.CCCCC 

.COCOC 

.CCCOO 

.COCCC 

.CCCOO 

.cocoa 

TOTAL HATER, GAL/KW-HR 

.CCC 

.ccc 

.coc 

.000 

.ccc 

.CDC 

.CCC 

.ccc 

COOLING WATER 

.DOC 

• ccc 

.one 

,GOC 

•ccc 

.COC 

.000 

.COC 

GASIFIER PROCESS H2C 

.CCCCC 

.ccccc 

.DCOCC 

.CCCCC 

.CCCCO 

.ccccc 

•CCCCC 

.ccccc 

condensate hake up , 

.coccc 

.coccc 

.ccccc 

.ccccc 

.ccccc 

.coccc 

.COCOC 

.CCCCO 

HASTE HANDLING SLURRY 

.cccc 

.CCCC 

.rccc 

.CCCC 

.CCCC 

•cccc 

.CCOC 

.cccc 

scrubber HASTE WATER 

.ccncc 

.coccc 

.ccccc 

.ccccc 

.DCCOC 

.ccocc 

.CCCCO 

.ocroc 

NOX SUPPRESSION 

.CCCCC 

.ccccc 

.cccrc 

.ccccc 

.CCCCC 

.ccccc 

.ccccc 

.cccoc 

TOTAL LANO ACRCS/ICCHHE 

9.37 

1C. 00 

1C .29 

10.68 

9.2C 

8.99 

8.90 

3.91 

MAIN PLANT 

9.87 

ic.ee 

ir.29 

10.68 

S'. 20 

8.99 

e.9c 

8.91 

DISPOSAL land 

.CC 

.cc 

.00 

.cc 

.cc 

.CO 

.00 

.OC 

land for access RR 

.CC 

.cc 

.cc 

.CC 

.cc 

.CC 

.cc 

.CC 

PARAKCTRIC POINT 

25 

rt 

27 

28 

29 

3C 

31 

32 

coal, lb/kh-hr 

1- 82949 

1. 31340 

1.7B167 

1.77955 

1.B2C46 

1.89D14 

1.7CG99 

1.72151 

SORBaNT OR SEEC.LB/KH-HR 

.CCCCC 

.ccccc 

.CCCCC 

•CCCCO 

.CCOCC 

•CCCCC 

.CCCCC 

.CCCCC 

TOTAL HATER, SAL/KH-HR 

• CDC 

.ccc 

.CCC 

.000 

.CCD 

.•coc 

.000 

•coc 

COOLING hater 

• CCC 

.00. 

.CCC 

• CCC 

.CCC 

.CCD 

•ccc 

.CCC 

GASIFIER PROCESS H2D 

.DOGOC 

.CCCCO 

•orcce 

.OCOCC 

.ccccc 

-COOl.0 

.OCOOD 

.coccc 

CONDENSATE WAKE UP , 

.CCCCC 

.cococ 

.ccccc 

.cccrc 

.CCCCO 

.CCCCC 

.CCCCC 

•cccoc 

HASTE HANOLINo SLURRY 

.CCCC 

•ccoc 

.cccc 

.cone 

• cccc 

.CCCC 

.0000 

•cccc 

SCRUBBER HASTE HATER 

.ccccc 

.CCCCC 

.ot'crc 

.ccccc 

.CCCCO 

.CCGCC 

•ccccc 

.cccoc 

NOX SUPPRESSION 

.ococc 

.ccccc 

.ccccc 

•ccccc 

.ccccc 

.CCCCO 

.COCCC 

.□DODO 

TOTAL LAND ACRES/ICCHHE 

9.CG 

9.30 

12.59 

11.92 

12 .C9 

12.16 

11.14 

1C. 97 

HAIN PLANT 

9.CG 

9.3C 

12.S9 

11.92 

12.C9 

12.16 

11.14 

10.97 

DISPOSAL LAND 

• CD 

•cc 

.CC 

.CD 

.cc 

.CG 

.00 

.00 

LAND FOR access RR 

• DC 

• CD 

•CO 

.DC 

.00 

.CC 

.00 

.00 


ftlPRODUCIBILlTY OF THE 

•-viiiTi"’. wr A 1 !3 POOR 
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Continued 


parametric point 

33 

3lf 

3S 

3S 

37-- 

38 

39 

40 

CCALf LB/KK-HB. 

I.TEAII 

1.89R13 

l.SGZBR 

1.BB398 

1.772E1 

1 .89585 

1.62811 

1.ECE42 

SORBANT OR 5EEDfLB/KH--)R 

•DDOCC 

•CCOCD 

.OCOOC 

.CODOC 

.OCOOC 

.CQOCC 

.ocooa 

.000 re 

TOTAL lsAT£R» GAL/KW-HR 

.CCC 

•CCD 

.CCC 

• CCC 

.CCC 

.CCC 

.CCC 

• CCD 

COOLING UATER 

.ODD 

.CCC 

• CCC. 

.CCC 

• CCC 

.COC 

.000 

• 000 

gasifier process HZC 

.GCCOC 

.CCCCC 

.CCCCC 

. .CCCCC 

-.CCCCC 

.CCCCC 

.CCCCC 

•CODCC 

CONDENSATE HAKE UP » 

.ododo 

•COODC 

.DCOl’D 

. .CCCCC 

.OODDO 

.CCCOD 

.00000 

•ODOOC 

HASTE HANDLING SLURRY 

.CEDC 

.CCCG 

.CCCC 

• CCCC 

.CCCC 

•CCCC 

•CODC 

•coco 

SCRUBBER HASTE HATER 

.CDDDC 

.CCCCC 

.□CCCC 

•CCCCC 

.CCCOC. 

.000 CO 

.CCDOD 

•00000 

NOX SUPPRESSION 

.CCGGC 

.CCCCC 

.see re 

.OCCCC 

•CCCCC 

•CCCOC 

.CCCOC 

.coc-rc 

TOTAL LAND ACRES/ICCHHE 

ID. BE 

11.17 

10, DR 

1C. OB 

ID. 15 

10.41 

9.44 

: 9.19 

MAIN PLANT 

IC.9G 

11.17 

1C.3A 

IC.CB 

1C. 15 

10 .31 

9.44 

9.13 

DISPOSAL LAN3 

.DC 

.CC 

.CC 


.CC 

• no 

• CC 

•on 

land for access RR 

.PC 

.CD 

..CC 

.DC 

.cc 

•CD 

•DC 

• CO 

PARAMETRIC POINT 

R1 

tfZ 

U7 

34 

35 

t 

4B 

47 

38 

COAL* LB/KW-HR 

1.S13C3 

1.6S70S 

1.7'l5il7 

1.83293 

1.74208 

1.7191E 

1.72853 

1.7939C 

SORBANT OR 5E£DtLB/KK-HR 

.CCCCC 

, .CCCCC 

.CCCCC 

.CCCCC 

.CCCCC 

.CCCCC 

.CCCCC 

.COCCO 

TOTAL HATER* BAL/KH-HR 

.QDC 

.□CC 

.CCC 

.coc 

.CCC 

.GDC 

.coo 

.000 

COOLING HATER 

■ .CCC 

• CCD 

.CCC 

.one 

• CCC 

.CCD 

.coc 

•COG 

GASIFIER PROCESS HEC 

.DDDDC' 

.COCCO 

.CCCCC 

.CCCCC 

.CCCOC 

• CODOOs; 

.ccooo 

•cocoa 

CONDENSATE HAKE UP « 

►CCCCC 

.CCCCC 

.CCCOC 

.CCOCC 

.CCCCC 

.CCCCC ■ 

.ITDCC 

•COCCO 

WASTE HANDLINC SLURRY 

.□GCC 

• ODOO 

.CDQO 

.CCCC 

• CCCC 

.COCO 

.0000 

,0000 

SCRUBBER HASTE HATER 

.CCCCC 

.CCGGC 

.CCCCC 

.CCCCC 

•CCCCC 

.CCCCC 

.CCCCC- 

•vCCCCC 

NOX SUPPRESSION 

.OCCGC 

•CCCCC 

•CCCCC 

.□ococ 

.CCCOC 

.coccc 

.ccocc 

icofioq. 

total land ACRES/ICCHHE 

3.CB 

9.0G 

9.18 

9.79 

1C. 32 

1C. 12 

IC'.DE 

10*14 

MAIN PLANT 

B.OG 

9. OS 

3.19 

9.39 

1C. 33 

1C. 12 

ic.es 

10.14 

DISPOSAL LAND 

.00 

.DC 

• CD 

.00 

• CD 

.CC 

• CD 

• DC 

LAND FOR ACCESS RR 

.cc 

.CO 

.CC 

.00 

.□c 

.CC 

• DC 

•oc 

PARAMETRIC POINT 

R9 

sc 

51 

S2 

53 

S3 

K5 

ss 

COAL, LB/KH-HP 

1.6971-7 

1.58251 

1.BCC27 

1.G40S9 

1.75279 

1 .89313 

1.E52CC 

1.E5213 

525*^. f ”7. . 35 .. s EE-P »«- B/ R 

.□CCCC 

.COCCO 

.CCCOC 

.CODCD 

•CCCOC 

.cocnc 

•OCCOO 

.00090 

TOTAL WATER, GAL/KV-HR 

.CCC 

.CCC 

.CCC 

.CCC 

• CCC 

.CCC 

•CCC. 

•CCD 

COOLING .HATER 

• CCC 

.CCC 

. .CCC 

.□DC 

.CCC 

• CCC 

.000 

• ooc 

GASIFIER PROCCSS H2G 

.CCCCC 

.COCCO 

•CCC GO 

•ccocc 

•CCCCC 

.CCCCC 

•CCCCC 

•CCCOC 

CONDENSATE HAKE UP o 

.COODC 

-CCCCC 

•OCCGC 

•CCCCC 

.CCCOC 

•COCCO 

.OCOOC 

•OOOOD 

haste handling SLURRY 

• CCCC 

• CCCC 

.CCCC 

.CCCC 

.CCCC 

-CCCC 

.CCCC 

•OCCO 

SCRUBBER HASTE HATER 

. CDCCC 

.CGCGC 

.CCCCC 

.COCCO 

.CCCOC 

.ccocc 

.OCOOC 

•0CC9C 

NOX SUPPRESSION 

.CCCCC 

•CCCCC 

.CCCCC 

.CCCCC 

.CCCCl’ 

•CCCCC 

.CCCCC 

•CCCOC 

TOTAL LAND ACRES/ICCKHE 

1C. Ill 

1C. 35 

'ic.lll 

1C.C7 

1C. IS 

10.41 

IC.29 

10.09 

MAIN PLANT 

IC.Rl 

1C. 35 

10.13 

1C.D7 

1C. 15 

1C .31 

1C. 29 

1C.D9 

DISPOSAL LAND . , 

.CC 

• CO 

• CD 

.cc 

.00 

• oc 

.00 

• DC. 

LAND FOR ACCESS RI? 

.cc. 

tfco 

.CD 

.cc 


, .cc 

.CD 

• CO 

PARAMETRIC POINT 

S7 

58 

59 

EC 

El 

GZ 

E3 

E4 

COAL, L3/KH-HR 

1.S7SI12 

1.7ES12 

1.89E73 

1.S7195 

1.EE839 

1.E931S 

1.78218 

1.9DSC7 

SCSBANT OR SEED,LB/KU-HR 

.CCCCC 

.CCCCC 

•CCCCC 

.CDCCC 

•OCCCC 

.CCCOC 

.CCCCC 

•CCCCC 

•total hater* GAL/KH-HR 

.COD 

.000 

.□CO 

• CCC 

.000 

• CCC 

• COD 

• COO 

COOLING HATER 

.CCC 

.CCC 

.DCC 

.CCC 

.CCC 

.CCC 

.CCC 

•CCC 

gasifier PROCESS H2C 

. CCCCC 

.CCCCC 

.CCOCO 

.OCCCC 

.OCCCC 

.00000' 

. COCCC 

•Don"c 

condensate make UP » 

.CCGGC 

.CCCCC 

•crccc 

•CCCCC 

.OCCCC 

.CCCCC 

.CCCCC 

•CCCCC 

haste handling SLURRY 

.CCCC 

.OCCO 

•once 

• CCCC 

.coca 

. .ODOO 

.0000 

• COOC 

SCRUBBER HASTE HATCH 

.CCCCC 

•CCCCC 

.ccocc 

.CCCCC 

.CCCCC 

.cccrc 

•CCCCC 

•cerre 

NOX SUPPRESSION 

.CCCOC 

.CCCCC 

.CCCCC 

.CCCCC 

.CCCOC 

. DOC cc 

.00000 

• 001. '0 

TOTAL LANC ACRES/ICCMWE 

1C. OS 

ID. 11 

1C. 37 

10. 33 

1C. 17 

IG.ll 

1C. 19 

1C ..5 

MAIN PLANT 

10.02 

1C. 11 

1C. 37 

1C. 39 

1C. 17 

10.11 

10.19 

10.45 

DISPOSAL LAND 

.CC 

.cc 

i,CC 

.CC 

.CO 

•re 

.00 

-CO 

LAND FOR ACCESS RR 

.5C 

.CO 

.CO 

.CO 

.00 

• CD. 

.00 

.00 
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Table 5.10 
Continued 


PARAMETRIC POINT 
COALi LE/KK-HR 
SORBANT OR SEE3»L8/KH-dR 
TOTAL WATER* GAL/KK-HR 
COOLING WATER 
GASIFIER PROCESS HIT. 
Cr.NDENSATE HAKE UP .. 
WASTE HANDLING SLURRY 
SCRUBBER HASTE HATER 
NOX SUPPRESSION 
TOTAL LAND ACRES/IDCHHE 
MAIN PLANT 
DISPOSAL LAND 
LAND FOR ACCESS RR 


55 

66 

67 

68 

69 

70 

71 

72 

1.E6772 

1.E58C3 

1.57917 1 

.5288C 

1.52698 1 

.5486 7 

1.56737 

1.56944 

.ooccc 

.CCCCO 

.CCCCC 

.CCCCC 

.CCCCC 

.COOCO 

.cccoo 

.OOCOC 

.ccc 

13.R6Z 

14.3F8 

1G.C46 

17.287 

18*492 

.DCC 

.CGC 

. arc 

• CCC 

.CCC 

.COC 

.COC 

.COC 

• DOC 

.COO 

.ccccc 

.EEC CD 

♦occrc 

.CCCCC 

.CCCCC 

.CCCCO 

.CCCCC 

.CCCCC 

.OOOOD 

.COCCQ 

.CCCCC 

.00000 

.ccccc 

.COCCQ 

.DCOOD 

.00000 

.ccoc 

.CEDO 

.GCEC 

.CCOO 

•CCCD 

.CCDC 

.CCDC 

.COCO 

.OOCOC 

.COCOC 

. CCCCC 

.CCOCC 

.OCCOC 

.CCOCC 

.ccccc 

.OOCOC 

• ccccc 13. 58Z3im. 2675616 

.C45G117.2872213 

.49169 

.CDCCC 

•CCOCC 

9.31 

25.90 

24.96 

27.79 

30.56 

30.10 

9.81 

9.53 

8.01 

9.R7 

5.23 

8.99 

8.80 

8.71 

9.81 

9.59 

.DC 

.00 

.CC 

.CC 

.00 

.00 

.00 

• CO 

.CC 

16.42 

16.73 

18. 8C 

21.77 

21 .4 C 

.CC 

.CO 


PARAMETRIC POINT 

73 

74 

75 

78 

77 

78 

79 

8D 

COAL. L3/KH-HR 

1.59175 

1.66529 

1.7SS62 

1.57259 

1.55338 

1.56123 

1.5C72S 

1.67711 

SORBANT OR SEEC.LB/KH-HR 

• CCC-CC 

.CCCCC 

.QCCCC 

.CCCCC 

.CCCCC 

.CCCCC 

.CCCCC 

.rcccc 

TOTAL HATER. GAL/KW-HR 

.OCC 

.COO 

.CCC 

.con 

• CCC 

.COC 

.000 

-cnc 

COOLING HATER 

.CCC 

.COD 

.crc 

.COC 

■ .CCD 

.CCC 

.COC 

.ccc 

GASIFIER PROCESS H20 

.occrc 

.OOCCO 

. 00 ccc 

•COCOC 

.CCCCC 

•CCCCC 

. OCCOC 

•OOCOC 

CONDENSATE HAKE UP » 
WASTE HANDLING SLURRY 

.CCCLC 

.CCCCO 

.CECCC 

.CCCCC 

.cccrc 

.ccccc 

.coccc 

.CCCCO 

.ccoc 

rOCOO 

.0000 

.0000 

.ocoo 

• COCO 

.CCDC 

.0000 

SCRUBBER WASTE WATER 
NOX SUPPRESSION 

.ccccc 

.CCCCC 

.ccccc 

.CCCCC 

.OCCCD 

•CCCCC 

.DCGCG 

.CECOC 

.OOOQC 

.CCCCO 

•OCCOC 

.OCCOC 

.cccoo 

.cccoo 

.00000 

•OOCOC 

TOTAL LAND AFHES/ICCHWE 

9. El 

9.54 

9.72 

9.13 

8.89 

8.77 

8.72 

8.82 

MAIN PLAHf 

9.51 

3.54 

9.72 

9.13 

8.89 

a. 77 

B.73 

8.92 

DISPOSAL LAND 

.CC 

.CC 

.CC 

• CC 

.rc 

.rc 

.CC 

• DC 

LAND FOR ACCESS RR 

.00 

.00 

.00 

.CO 

.oc 

.CO 

.CD 

.00 

parametric POINT 

81 

82 

S3 

84 

85 

86 

87 

SB 


COAL* LB/KW-HR 

1,76165 

1.EC467 

1.SC974 

1.E3112 

1.59742 

1 .684E2 

1.43348 

1.42566 

SORBANT OR SEEO.LB/KW-dR 

.CO 000 

.CCCOO 

.CCCCC 

.OODOC 

.COCOC 

.ccccc 

.OOCOC 

.CCCOO 

TOTAL water* GAL/KK-HR 

.GCO 

.coo 

.CCC 

.CCC 

.ccc 

.ccc 

.ccc 

•ccc 

COOLING HATER 

• COO 

.occ 

.OCC 

.COC 

•coo 

.one 

.□oc 

•ccc 

GASIFIER PROCESS H2C 

.CCCCC 

.CCCCC 

.CCCCC 

.CCCCO 

.ccccc 

.cccrc 

.CCOCC 

.CCCCO 

CONDENSATE HAKE UP . 

.OOCOC 

•CCCOO 

•CCOCC 

•coccc 

•OOCOC 

.COOCO 

•cccoo 

.CODOC 

HASTE handling SLURRY 

.CCGE 

• CCCO 

.cccc 

.CCDC 

.CCCC 

•ccrc 

.DCCD 

•cccc 

SCRUBBER HASTE HATER 

•COOCC 

.cocoo 

.COOCO 

.ccooc 

.CCOCC 

.cnocc 

.00000 

.OOCOC 

NOX SUPPRESSION 

.CCCCC 

.CCCCO 

•ccccc 

•CCCCO 

•CCCCC 

.cccrc 

.ccccc 

-ccccc 

TOTAL LAND ACRES/ICOHWE 

a. 98 

9.47 

9.25 

9.16 

9-15 

9.29 

8.43 

8.19 

MAIN PLANT 

S.38 

9.47 

3.25 

9.16 

9.15 

9.29 

8.43 

8.19 

DISPOSAL LAND 

.00 

.CQ 

.CC 

.CC 

.00 

.00 

.00 

.00 

LAND FOR ACCESS RR 

.CC 

.CC 

.CG 

.00 

•oc 

.rc 

.00 

•oc 


PARAMETRIC POINT 
COAL* L8/KH-HR 
SORBANT OR SEED •LE/KW-PR 
TOTAL WATER* GAL/KW-HR 
COOLING HATER 
gasifier PROCESS HZC 
CONOEHEATE MAKE UP • 
HASTE HANDLING SLURRY 
SCRUEEER HASTE WATER 
NOX SUPPRESSION 
total LAND ACRES/ICCHHE 
KAIN PLANT 
CISPOSAL LAND 
LAND FOR ACCESS RR 


89 

3C 

91 

« 92 

97 

94 

°5 

56 

97 

1.43217 

1.46736 

1.51325 

1.58211 

1.66CCC 

1.30089 

1.48535 

1.43524 

1.31884 

.CCCCC 

.CCCCC 

.CCCCC 

.CCOCC 

•CCCCC 

.CCCCC 

.00000 

.00000 

.00000 

.CCIO 

.COO 

.cco 

,00C 

.COD 

.coo 

.496 

.456 

.414 

.ccc 

.ccc 

.ccc 

.GCC 

• COO 

• CCG 

.494 

.454 

.410 

.OOODC 

•CCCCC 

.OCCCO 

.OOCOC 

.CCCDC 

.ct'cnc 

.00000 

.00000 

.00000 

.ccccc 

.CCCCO 

.CCCCC 

.CCCCC 

•CCCCO 

.cccrc 

.001E4 

.00191 

.00328 

.cccc 

.CCCC 

.coco 

.ccoc 

.OCOC 

.oooc 

.0000 

.0000 

.0000 

•cccrc 

.ccccc 

•ccccc 

.ccccc 

.CCCCC 

.cccrc 

.00000 

.00000 

.00000 

.ccccc 

.CCCCO 

.CCCCC 

.CCCOD 

•COCOO 

•CCCCO 

.00000 

.OOOOD 

.00000 

8.06 

7.96 

7.99 

8.08 

1C. 13 

3.73 

90.13 

87.82 

62.56 

3.C6 

7. 96 

7.99 

8.08 

10.13 

3. 73 

52.28 

51.13 

30. R9 

.CC 

.CC 

• CC 

.CC 

.CC 

.CC 

.011 

.00 

.CC 

.00 

.00 

.CO 

.00 

.00 

.CO 

37,95 

36.69 

3'1.''> 
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5t7 Conclualons and Recommendations 
5.7.1 Conclusions 

An analysis of the recuperated open-cycle gas turbine system 
In comparison with the other EGAS Task I power generation concepts indi- 
cates that the simple cycle, recuperated cycle, and recuperated cycle 
with intercoollng are lowest in cost of electricity over a wide range o' 
intermediate- and low-capacity factors. • 

Conclusions regarding identification of optimum configurations 
within the scope of the recuperated gas turbine cycle can be drawn with 
respect to several criteria. 

It was determined that cost of electricity is a steadily de- 
creasing function with progressively higher turbine inlet temperatures. 
This result was found to apply to both simple and recuperated cycles 
(turbine inlet temperature variations were not studied with the inter- 
cooled recuperated cycle). Further, up to the maximum turbine inlet tem- 
peratures studied, 1644“K (2500®F) , n-"* minima in the cost of electricity 
versus turbine inlet temperature curves were found. 

Selection of compressor pressure ratio for a minimum cost of 
electricity is a function of several variables, the principal ones of 
which are turbine inlet temperature, cycle configuration and capacity 
factor. For the simple cycle at 12% capacity factor, optimum pressur'e 
ratios for turbine inlet temperatures 1478 to 1644‘’K (2200 to 2500°F) lie 
in the range of 12 to 16 to 1. For the nonintercooled recuperated-cycle 
configuration at a 1478‘’K (2200 °F) turbine inlet temperature and 45% 
capacity factor the optimum compressor pressure ratio is approximately 10 
to 1, while at 1644°K (2500“F) and the same capacity factor the optimum 
is 12 to 1. The recuperated cycle with compressor intercooling has 
markedly higher optimum compressor pressure ratios. At a turbine inlet 
temperature of 1478“K (2200'’F) , it was determined that the optimum com- 
pressor pressure ratio is 20 to 1, 

Of the recuperator parameters studied, recuperator effective- 
ness has the most significant impact on the cost of electricity. In turn, 
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selection of reauperatojT"effectivenesa for minimum cost of electricity is 
strongly influenced by power generation capacity^f^tor , as discussed in 
Section 5.6. It is concluded ‘^that since the recuperated cycle is ideally 
suited for intermediate duty, the optimum recuperator effectiveness iden-"" 
tified for 4552 capacity factor (recuperator effectiveness 0.83) should be 
used for further conceptual design and development assessment work. 

Related studies have shown the last-row turbine blade to be a 
key limiting item in higher-temperature design considerations. Due to 
the relatively low optimum compressor pressure ratio of the noninter- 
cooled recuperated cycle and the corresponding higher exhaust tempera- 
tures, the potential problem is especially important. Although not 
explicitly determined in this study, it has been tentatively concluded 
that uncooled last-row turbine blades of conventional materials would not 
have sufficient strength and life for operation at higher temperature 
conditions than 1478°K (2200“F) at a 10-to— 1 compressor pressure ratio. 
Higher temperature recup erated-cycle operation with the size of units 
under consideration will in all likelihood require a breakthrough in ma- 
terials development, such as fiber -reinforced composite blading materials. 

The performance and coat results for the intercooled option are 
most encouraging. Relatively little optimization of parameters was per- 
formed, however (turbine inlet temperature variations were not considered; 
the effect- of water condensation in the compressor was not considered; 
and a complete turbomachine cross-sectional arrangement drawing was not 
prepared) . Further work in defining more completely the conceptual plant 
layout would be most useful. 

5.7.2 Recommendations 

In order to realize the potential benefits of the recuperated 
open gas turbine cycle and its associated variations, development work 
must proceed in the following areas: 

• A tension-braze plate-fin recuperator capable of low- 
capacity factor cyclic operation with low maintenance 
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requirements at turbine exhaust temperatures to 922°K 
(1200°F) is not currently commercially available. 

Development of such a unit will be required. 

• Turbine blade air-cooling techniques, capable of con- 
tinuous operation to at least 1644‘’K (2500“F) or 
higher must be developed to achieve maximum benefit 
with the recuperated cycle. 

• Material developments in the areas of turbine blading 
and combustion section components will be required to 
realize the benefits that accrue from minimizing the 
expenditure of cooling air. Recommended areas for 
development include the application of ceramics to 
turbine blading and combustion section components. 

• It is recommended that composite fiber reinforced 
turbine blade development be initiated for eventual 
application in last-row turbine blade designs. 

• Preparation of a more complete conceptual design 
study of a recuperated, intercooled gas turbine power 
plant is recommended. To he included in such a study 
would be a detailed engine cross-sectional design, 
selected thermodynamic parameter variation, and con- 
sideration of specific operational details such as 
compressor condensation. 
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